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Abstract

In this thesis, we will explore the subject of the little hierarchy problem which
plagues solutions to the big hierarchy problem of the Standard Model of particle
physics.

In the first half of this thesis, we study the theoretical framework for a supersym-
metric resolution of the little hierarchy problem, known as natural supersymmetry,
and argue that regions of the parameter space of this model have been missed by
search strategies employed at the large hadron collider, but could be searched for
with new search strategies.

In the second half of this thesis, we explore the possibility of embedding natural
supersymmetry in models of warped extra dimensions in order to UV-complete them
by utilizing a mechanism known as accidental supersymmetry. We study the mech-
anism of accidental supersymmetry in the Randall-Sundrum framework by focusing
on a toy model, and argue that accidental supersymmetry is capable solving the little
hierarchy problem in that toy model. Finally, as models in the Randall-Sundrum

framework themselves require UV completions, we demonstrate that it is possible to
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realize the mechanism of accidental supersymmetry within the UV-complete frame-

work of type IIB superstring theory.
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Chapter 1

Introduction and Background

This thesis concerns the subjects of natural and accidental supersymmetry (SUSY),
and the potential for interplay between them. Natural supersymmetry is a mechanism
proposed to solve the little hierarchy problem, exacerbated by recent results from the
Large Hadron Collider (LHC). Accidental supersymmetry is a mechanism which gen-
erates radiatively stable little hierarchies, to be discussed much more below, and has
been proposed as a partial UV-completion of natural SUSY [3]. We will study the
consequences of both of these mechanisms, how accidental SUSY could give rise to
natural SUSY, and how accidental SUSY could itself be realized in type 1IB super-
string theory.

In this chapter, we will review the Standard Model (SM) of particle physics and
its successes. We then turn to a discussion of the (big) hierarchy problem, related

to the cancellation of various contributions to the Higgs mass parameter which come
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from energy scales of very different orders of magnitude. We discuss two popular
resolutions of the hierarchy problem: supersymmetry and warped extra dimensions.
We will also review the little hierarchy problem (LHP), which is the subject of this
thesis; it is a problem due to the non-observation of any popular resolution to the
big hierarchy problem in any experiment performed thus far. In this thesis, we will
explore how accidental SUSY gives rise to natural SUSY at low energies, and how
natural SUSY solves the little hierarchy problem by stabilizing contributions to the
Higgs mass parameter.

There are, of course, a proliferation of different models of supersymmetry, many
of which resolve the (big) hierarchy problem. In contrast, a common theme in this
thesis is the notion of minimality; the notion of minimality simultaneously goes hand-
in-hand with exploring the mechanism which underlies this array of models, while
also minimizing the risk of being in tension with experiment without forgoing all
opportunities to discover new physics.

In chapters two and three, we will discuss the interpretation of “more minimal
SUSY” as “natural SUSY”, the minimal module of supersymmetric physics required
to stabilize the little hierarchy. We will investigate theoretical motivations and con-
straints for such a scenario by taking a bottom-up approach. We will also study the
constraints on natural SUSY models coming from 1/fb’s worth of data at the LHC,
and propose a search strategy intended to facilitate the discovery of sbottoms decay-

ing through a particular topology. These chapters are based off of the author’s work
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in [4,5], which were performed in collaboration with Raman Sundrum, Andrey Katz
and Scott Lawrence. These chapters are to be read with a historical perspective, as
although the general theme and theory of these chapters is the same today as when
the works were completed, more experimental data is available now which we do not
consider here.

In chapter four, we will discuss the mechanism of accidental SUSY in models of
warped extra dimensions, and tie them in to their gauge duals. We will explore a toy
model of accidental SUSY, and discuss ingredients necessary to build a full Beyond
the Standard Model (BSM) model utilizing the mechanism of accidental SUSY. This
chapter is based off of work to be published in [6] in collaboration with Raman
Sundrum.

In chapter five, we will discuss how accidental SUSY might itself be UV-completed
by string theory, by virtue of offering an explicit example of accidental SUSY in type
I1B superstring theory. This chapter is based off of the author’s work to be published

in [7].
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1.1 The Standard Model and Motivations

for its Extension

1.1.1 The Standard Model

The Standard Model of particle physics is an effective field theory (EFT) which
describes a wide array of physical phenomena quite accurately below several hundred
giga-electron volts (GeV). It is a gauge theory based on the group SU(3).x SU(2), x
U(1)y, spontaneously broken down to SU(3). X U(1)ggar by the vacuum expectation
value (VEV) of a fundamental scalar field known as the Higgs field. The gauge
couplings of the original gauge groups are referred to as g3, g2 and g, respectively,
whereas the E&M gauge coupling is called e.

In addition to the gauge and Higgs bosons, there are three generations of matter
fields which are Weyl fermions. They form representations of the gauge groups;
those representations are labelled by three numbers (x,y,z). x and y tell us the
representation of SU(3). and SU(2)., respectively, and z tells us the charge under
the U(1)y. The field content of the Standard Model is presented in table

The Standard Model possesses a perturbatively exact global U(1)g baryon number
symmetry, where all of the quark doublets transform with charge 1 and all of the
right-handed quarks transform with charge —1. In addition, there is a perturbatively

exact global U(1), lepton number symmetry which behaves the same way as the
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Name Field Lorentz SM Gauge
Gluon G Vector (8,1,0)
W W Vector (1,3,0)
B B Vector (1,1,0)
Higgs h Scalar (1,2,3)
Up-type Quarks u$,, ¢, and t§, | RH Spinor | (3,1, —2)
Down-type Quarks | d%, s and b5, | RH Spinor | (3,1, 3)
Quark Doublets qr LH Spinor | (3,2,3)
Right-handed Leptons | e%, u% and 75 | RH Spinor | (1,1,1)
Lepton Doublets /5, LH Spinor | (1,2, —3)

Table 1.1: The fields in the Standard Model.

baryon number symmetry. There is also a global custodial SU(2) symmetry which is

preserved by the Higgsing of SU(2), x U(1)y.

There are three generations of all of the fermions, meaning that there are three
identical copies of all of the fermions in the Standard Model with the exception of
their Yukawa couplings to the Higgs field. In the absence of these Yukawa couplings,

there would be an additional SU(3)3 global “flavor” symmetry, under which the three

generations of each of the types of fields formed triplets.

The Lagrangian of the Standard Model is as follows:
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L :iqTL]DqL + iucRT]Du% + idngucR + MTLlML + ienge%

1 v v v 0 v
— - (Tr(Gu/G") + Te(W, W) 4 B, B") = Tr (%GWG“ )

A
+ |D,h? +mi|h)* — 5|h|4 — uQY, han — dQYah!qr — QY R 0y (1.1)

where b/ = iooh* and Y, 4. are 3 x 3 matrices in flavor-space, and GW = %EWPUG’”.
The higgs mass-squared is negative at h = 0, indicating the need to perturb

around a different value of h. The potential is minimized at

(% mp

V2 a

We can use the SU(2) symmetry to place this VEV entirely in the second com-

1] (1.2)

ponent, breaking SU(2), x U(1)y down to U(1)ggn. We are left with the massless
gauge boson of U(1)ggar, the photon, as well as massive gauge bosons W and the
Z. There is a residual real scalar field known as the physical Higgs hyp,s defined by
hy = \%(v + hphys) With a potential

1

1 1
V = MPR2, .+ S vk, + = A (1.3)

2 phys T 9 phys T g M 'phys
The W and Z receive masses through the Higgs mechanism, and with the knowl-
edge of their masses along with the physical Higgs mass my phys = Vv = 1259
GeV [8], we can conclude that v ~ 246 GeV and A\ =~ .26. We also note for reference
the value of the Higgs mass parameter my, ~ 89 GeV. The gauge couplings measured

6
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at My are g1 =~ .352, g5 ~ .652 and g3 =~ 1.1. The top and bottom yukawa couplings
are fixed by measurements of their mass, and are measured to be y; ~ 1 and g, ~ .025.
All other yukawa couplings are even smaller yet, and therefore their magnitudes are
irrelevant for the purposes of this thesis.

In order to work in the mass eigenbasis for the quarks, one must diagonalize the
yukawa matrices by acting on the u, d and [ sector with unitary transformations.
We refer to the pre-diagonalized basis as the “gauge eigenbasis” and the diagonalized
basis as the “mass eigenbasis”. Crucially, the unitary matrices U, and U; which
contribute to the diagonalization of Y, and Y} from left-handed quarks are not equal.
Therefore, in the coupling of the W to the up- and down-type quarks, we obtain

off-diagonal flavor couplings parameterized by the unitariy CKM matrix U¢%M:

gfsij Czéauge Wuéauge - g(skl sznass (UdT ) f W ( Uu)é ugnass

= gUgKM Jl Wugnass (1 4)

mass

Note that gauge indices are suppressed. The CKM matrix has been experimentally
measured very precisely, and the magnitudes of its numerical entries are known to be

of order

1 & &3
N (1.5)
|
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where ¢ is the sine of the Cabibbo angle sin 6, ~ .225.

The Z boson is known to not mediate flavor-changing neutral currents (FCNCs).
FCNCs occur in the SM at loop-level, but are suppressed by the GIM mechanism.
FCNCs occur generically in BSM physics models, and therefore FCNCs will provide
a powerful constraint as well as a powerful probe of new physics.

CP violation in the SM is due to the presence of a CP-violating phase in the CKM
matrix. However, this phase can be moved into any given column of the CKM matrix
by residual unitary transformations, and so any CP violation that occurs as a result
must be sensitive to interference of all three generations of quarks. This involves
using many off-diagonal elements in the CKM matrix, and so therefore transitions
such as K — K happen with a very small amplitude in the SM. Again, these occur
frequently in BSM physics models, and so CP violation will prove a powerful probe
of new physics. Note that the parameter 6 in the SM Lagrangian violates CP as well;
it has been measured to be zero to rather high precision. Generic values of § would

lead to much larger CP-violation than is observed.

1.1.2 The Hierarchy Problem

The SM should be viewed as an effective field theory below some high-energy
cutoff A, the scale of new physics. As an absolute maximum, this scale should be
M, =~ 1.2 - 10" GeV, the scale of quantum gravity. If A is up at the GUT or

Planck scale, then there exists a large hierarchy between A and the electroweak scale
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v. This scale is unstable against radiative corrections coming from the standard
model particles. For example, the top loop shown in fig. induces a quadratically

divergent contribution to the Higgs mass parameter:

Figure 1.1: The SM top-loop contribution to the Higgs mass.

L A

6%2 2
1672 (1.6)

Note that this computation was performed pre-electroweak symmetry breaking
(EWSB), and that we work with two-component spinor notation, not four, as the SM
is chiral. In the low-energy theory, one should introduce a counterterm V' 2 —4.|¢|*
such that m,zl = m,%,o — 0.4 to parameterize the effects of UV physics that have been
integrated out. Therefore, 4. and therefore m? could naturally be O(A?). However,
to get the correct physical Higgs mass, one must cancel the correction of all SM loops
nearly entirely (but not completely) against the counterterm. In other words, it must

be that my, is related to A by
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m,zl,ren = (89 GeV)? = mj} — PN+ (1.7)

1672
where A may be as large as 10! GeV. This implies that one must “fine-tune” the
UV-sensitive mass parameter against quadratic corrections arising from IR physics.
Strictly speaking, this is not an experimental problem, but it is quite distasteful,
and we have no reason to suspect that nature should have chosen such a particular
value for the bare parameter. So this issue is dubbed the “hierarchy problem”; it is
occasionally called the big hierarchy problem to distinguish it from the little hierarchy
problem, to be discussed below.

The hierarchy problem is considered appalling in light of the postulate of natu-
ralness, which asserts that the size of quantum corrections should not be larger than
om

the physical values of the parameters; e.g. |—
h,phys

| < 1. One should not view natu-
ralness as a requirement of a theory, but rather as a postulate to be tested, as it has
frequently been a good guiding principle in the past. Indeed, credence is lent to the
idea of the hierarchy problem being taken seriously by previous observations of new
physics stepping in to resolve other hierarchy problems. There are many proposed
non-tuned resolutions of the hierarchy problem, all of which involve introducing new
physics at the TeV-scale in order to remove quadratic sensitivity to scales above the

TeV-scale. We will discuss two of them further below.

10
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1.1.3 Other Concerns with the SM

The SM has been tested very thoroughly on a variety of frontiers; on all accounts,
the SM predictions have been verified and so one concludes that the SM is indeed
very successful at describing the physics of our universe. Before we proceed with a
discusion of the hierarchy problem, we pause to note features of our universe which
seem to indicate the need for physics beyond the SM.

1: We have observed that we are surrounded by an approximately thermal bath
of photons with a temperature Ty p = 2.726 K. These photons are known as the
“cosmic microwave background” (CMB) and are the result of recombination; protons
and electrons settling down into hydrogen at T,.. ~ .25 eV. At this point, the free-
streaming length of photons increased tremendously, allowing photons to free-stream
to us today from all over the universe. Photons coming from opposite directions have
been separated by many billions of light-years, and because they were not in causal
contact, we have no reason to suspect that they should have the same temperature; yet
they do. It has been proposed that if the universe were once very small and everything
was in thermal equilibrium, then something known as “inflation” happened, increasing
the scale factor of the universe by many orders of magnitude, then photons from
opposite sides of the universe would remain at approximately equal temperatures.
Minimal models of inflation involve introducing at least one new scalar field known
as the “inflaton”, which is new physics.

2: There is now rather conclusive evidence that there exists “dark matter” (DM); a

11
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gravitating form of matter which is quite a bit more prevalent in our universe than SM
particles. We know that it was “cold” (meaning 7" < m) when the temperature of our
universe was comparable to the temperature of recombination due to measurements
inferred from the CMB. The energy density stored in DM is known to be around five
times that which is stored in SM fields.

3: Neutrinos in the SM are massless; observations of neutrino oscillations indicate
the need for neutrino masses. In the absence of new fields, the lowest-dimension
gauge-invariant operator one can write down which accomodates this is Afh¢, which
is dimension-five. The scale which is suppressed by is the scale at which the EFT
containing this operator breaks down, indicating the need for new physics at this
scale. Alternatively, one can introduce right-handed neutrinos vf§, to write down
the dimension-four operator v;h¢, but the introduction of new fields is already new
physics.

4: Recently, it was measured that our universe is accelerating. The vacuum energy
of our universe V' today is ~ 107"*°M;. The simplest explanation for this is a cos-
mological constant (CC) A ~ 107"*°M?2. However, there is also a hierarchy problem
associated with the CC. One might expect that its resolution involves new physics,
much as the proposed resolutions of the Higgs hierarchy problem below involve new
physics. Note that this problem is not to be treated on the same footing as the other
problems discussed in this subsection, as the smallness of the CC is a theoretical

rather than an observational problem, in that the measured value of the CC is also

12



CHAPTER 1. INTRODUCTION AND BACKGROUND

unnatural.

5: In order for us to exist in the universe, there must have been more matter than
antimatter at the time of structure formation. The mechanism for changing the num-
ber densities of baryons and antibaryons to be unequal is known as baryogenesis. It is
known that for baryogenesis to occur, three “Sakharov conditions” must be satisfied
by the interactions responsible: baryon number violation, C and CP violation and the
interactions must occur out of thermal equilibrium. Baryon number is a perturba-
tively exact symmetry in the SM, but nonperturbative processes such as “electroweak
sphalerons” only respect B — L. However, it is believed that these nonperturbative
effects are not large enough to generate the observed baryon asymmetry, indicating
the need for a BSM physics explanation of baryogenesis.

6: Attempts to write down an action for a quantized theory of gravity that repro-
duces GR at long distances necessarily include terms which are nonrenormalizable by
power-counting. Therefore, there is reason to suspect that new physics might come
in at the Planck scale.

7: The measured value of the CP-violating parameter 6 is consistent with 0,
essentially due to a non-observation of CP-violating strong interactions. It is not clear
why the parameter should be so small when it could have been anything 0 < 6 < 2.
This is known as the “strong CP problem”, and explanations for it, such as the QCD
axion, involve the introduction of new physics.

In short, there are many reasons to suspect that there may be physics beyond
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the SM, and the question of whether nature has fine-tuned the electroweak scale is a

paramount question to address.

1.2 Extensions of the SM

As alluded to in the previous section, there are a number of mechanisms which
resolve the hierarchy problem. We describe two of them in somewhat more detail as

the discussion is relevant for the content of this thesis.

1.2.1 The Minimal Supersymmetric Standard Model

Supersymmetry is a spacetime symmetry which relates bosons to fermions. The
representation theory of the supersymmetric algebra leads one to discuss superfields
on superspace, as discussed in the appendix. Supersymmetry leads one to a nonrenor-
malization theorem stating that the superpotential is not perturbatively renormalized,
due to a degeneracy between bosonic and fermionic states, which in turn removes the
quadratic sensitivity to higher scales. As we will explore shortly, supersymmetry is
at best an approximate symmetry of nature at low energies; however, in theories with
softly and spontaneously broken supersymmetry, quadratic corrections are cut off at
the scale of SUSY-breaking, as above that scale, supersymmetry is restored and the
nonrenormalization theorem ensures the cancellation of quadratic divergences. There-

fore, if supersymmetry were softly and spontaneously broken at the TeV-scale, the
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electroweak scale would be natural. Note, however, that logarithmic divergences may
still be present in such theories, but in the cases of interest, these do not constitute
a fine-tuning of the parameters of the theory.

The hierarchy problem is therefore solved in these sorts of supersymmetric models;
the mass parameters of bosons are related by supersymmetry to the mass parameters
of fermions, but the latter do not suffer from a hierarchy problem as quantum correc-
tions give rise to logarithmic rather than quadratic divergences. However, in order
to implement supersymmetry as a resolution to the hierarchy problem, one must first
add in the appropriate fields such that the SM admits a representation on super-
space. This process of “supersymmetrization” introduces supersymmetric partners
of the gauge bosons (“gauginos”) and fermions (“sfermions”), as well as the partner
of the Higgs (the “Higgsino”). In addition, because the Higgsino is not vectorlike,
it contributes to a number of gauge anomalies, causing the model to be sick. To
resolve this issue, one adds in another Higgs multiplet with the opposite hypercharge
to cancel the gauge anomalies. These multiplets are known as the Higgs-up (H,) and
Higgs-down (Hy) multiplets, where the Higgs boson that has been observed at the
LHC is to be identified with a linear combination of these. In doing so, one obtains
the matter content for the Minimal Supersymmetric Standard Model (MSSM). The
MSSM is reviewed in, e.g. [9,/10].

The MSSM contains the following superfields, omitting generational indices:
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U . ur, ur,
Q = = (QLa QL) = ~ )
D dr, dr,
U® = (uf, up)
D = (d, d)
N 5 173 vy,
L = = (eL,£L> = 9
E er er

Hy = (hy, hy)
Hy = (hg, ha)
Vi = (B, M)
Vo = (W, A2)
Vs = (G, As) (1.8)

The superpotential of matter superfields in the MSSM can be written as

W = Y, U°H,Q — YyD°HsQ — Y. ECHyL + uH, Hy (1.9)

where again, flavor indices are implicit. Since SUSY is not respected in nature (e.g.
there is no selectron with m; = 511 keV), it must be spontaneously broken. Such
a breaking introduces O(100) free parameters (“soft terms”) into the Lagrangian.
As a general notation point, terms that involve three scalars are known as A-terms
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(e.g. LD —Ait%h,Gr). Terms with two non-identical scalars are known as B-terms.
The most important B-term for our purposes will be Buh,hy. Sociologically speaking,
people often prefer to treat “Byu” as one dimension-two variable, rather than a product
of two dimension-one variables. Gaugino masses are written m;, and there are soft
mass terms as well.

We will see in detail in the next chapter how spontaneously broken SUSY can
solve the hierarchy problem; for now we suffice it to note that when one also includes
the supersymmetric partner of the top loop shown above in fig. (the “stop loop”
in fig. , one obtains instead the following result for the loop correction to the

Higgs mass parameter:

Figure 1.2: The stop-loop contribution to the Higgs mass.

A
om; = —iyfmi2~ In <E) (1.10)

42 i
We see that the quadratic divergence has been cut off at the scale above which
SUSY has been restored; m;. Provided m; is O(v), there is no fine-tuning associated

with one-loop top corrections to the Higgs mass parameter. We refer to this scenario
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as “weak-" or “low-scale SUSY breaking”.

Of course, a resolution to the hierarchy problem is not the only reason to study
supersymmetry in nature; the MSSM gauge coupling unification is much more accu-
rate than in the SM. The MSSM offers a natural dark-matter candidate, the lightest
supersymmetric partner (LSP), stable due to R-parity (to be discussed below). A
popular candidate for a self-consistent theory of quantum gravity, superstring theory,
is supersymmetric, offering the idea that perhaps somewhere in the UV, SUSY is a
good symmetry of nature. All of these reasons and more motivate the study of the
MSSM.

Supersymmetric theories generally possess an R-symmetry; in the MSSM only a
Zs subgroup of it is preserved (“R-parity”). The action of the Z, is to send all SM
fields to themselves and all superpartners to minus themselves (treating both h, and
hg as SM fields). In the MSSM, R-parity is imposed because those supersymmetric

terms which violate R-parity,

Wgrpy = ALLE® + NQLD® + kLH, + N'U°D°D* (1.11)

lead to rapid proton decay when all terms are turned on. The first three terms break
the lepton number symmetry of the MSSM and are called “lepton-number violating”
(LNV) terms, whereas the last term breaks the baryon number symmetry and is called
the “baryon-number violating” (BNV) term. These three As have suppressed flavor

indices which are antisymmetric about superfields related by a flavor transformation
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— A//

i[jk]

(e.g N = M

ik ). Protons can decay to SM particles when both baryon
and lepton number are violated, and so turning on either BNV or LNV terms is
safe. Note that the residual U(1) in the case of BNV or U(1)gp in the case of LNV
symmetry as well as the nonrenormalization theorem ensure that these couplings are
not generated in the Lagrangian, supersymmetrically or nonsupersymmetrically, at
loop level. Generally speaking, the R-parity violating (RPV) MSSM is not considered
as relevant to our universe due to the loss of the dark matter candidate (because all
superpartners become unstable), difficulties with embedding the RPV terms in simple
GUT models and the compounding of the MSSM flavor problems, to be discussed
below.

Although the MSSM addresses the hierarchy problem superbly, it comes with
its own set of problems; given the proliferation of flavor-breaking and CP-violating
parameters, generic SUSY models tend to come with large FCNCs and strong CP-
violation, in gross disagreement with experiment. Another issue is that to be phe-
nomenologically viable, |u|* (a SUSY-preserving parameter-squared) and By (a SUSY-
breaking parameter) must be of comparable sizes. Generically there is no good reason
to suspect that this would happen, and explaining that they are the same size by co-
incidence is known as the y — By problem.

Supposing we lived in a world where the hierarchy problem were solved by super-

symmetry, then one would expect a plethora of superpartners at the SUSY-breaking

scale, as well as lots of other exciting phenomenological consequences. However, no
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such evidence for supersymmetry has been found thus far in nature.

1.2.2 Warped Extra Dimensions

Warped extra dimensions can provide another solution to the hierarchy prob-
lem [11]. The crucial idea is that we might “live” on a 3-brane (like the sort that
arises in string theory), but the universe is actually higher-dimensional, with strong
gravitational fields in the “bulk” of the space. Gravity famously redshifts light leaving
a massive body, lowering the energy of the photons. By analogy, the strong gravi-
tational fields of the bulk might be responsible for “redshifting” very high, natural
energy scales exponentially quickly, potentially down many orders of magnitude. By
imagining that the Higgs boson lived a small ways down the gravitational field, it is
possible to make its (Planck-scale) physics instead play out at O(100) GeV, as we
will see in more detail below.

Suppose the universe were five-dimensional (described by coordinates z* and z)
with 5d Planck mass M, but there are two branes located at z = 0 and z = ¢, called
the UV and IR branes, respectively, for reasons to become clear soon. The topology
here is taken to be that of R x S'/Z,, so this is an orbifold. The action for this

reads

S = /d4xdz\/§ (2MPR — A — Tyv6(z) — Trpd(z — 7)) (1.12)

Provided the tensions and bulk CC are related by A = kTyy = —kT1p = 24M3K?
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with some k& < M (so that we trust the classical approximation), there exists a static

solution to the Einstein equations with the AdS5 metric:

ds* = e ly  datdz” — d2? (1.13)

where the 4d Planck mass M, is related to M and k by

M3
2 - (1.14)

so that we might expect M ~ k ~ M,. This is known as the Randall-Sundrum 1
(RS1, or simply RS) framework. Warped phenomenology is reviewed, for example,
in [12-14].

How does this help with the hierarchy problem? Consider the action for a “Higgs”

scalar field that is confined to the IR brane:

S = /d4xdz V36(z — 1) (g’“’D,ﬁDyh +mi|h|? — %|h|4) (1.15)

The effective 4d action is obtained by integrating over the extra dimension:

Sepp = /d% e~k (eWDuhD“h +mi|h|? — %|h|4) (1.16)

The kinetic term is not properly normalized, so we redefine h — ek so that the

action becomes
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_ A
Sepp = /d% (DNhD“h+eWmi|h]2 - §yhy4) (1.17)

so that the effective mass-squared of the higgs is not m3 but rather e=2*m2! For
mp, ~ My, and kl ~ 40, we can easily generate the weak scale. This is referred to as
a warping or redshifting of scales; the further “down the throat” we live (the larger z
we're at), the more redshifted energy scales are.

One of the most important aspects of RS models are that because they are models
in AdSs, they are related by the AdS/CFT correspondence to four-dimensional models
with approximately conformal fixed points. Specifically, these are strongly-coupled
models that go by the name of “composite Higgs models”, as the Higgs we just
described is AdS/CFT dual to a scalar which is a “pion” of the strongly coupled
confining gauge group. Spontaneous conformal symmetry breaking, and therefore
the presence of confinement in the dual theory is related to the presence of an IR-
brane in RS; therefore we expect the confinement scale to be related to the position
of the IR-brane by Acomp ~ e *M. Being able to utilize the power of AdS/CFT is
greatly advantageous to understanding what is happening in such models.

Attempting to embed the SM in RS is feasible with the assistance of the AdS/CFT
dictionary. However, one does run into a number of problems. First, fluctuations in
the 5d metric lead to the size of the extra dimension ¢ being dynamical. It is a
“modulus” of the theory; i.e. {(z) has no potential, and thus there is nothing forcing

its VEV to be ~ 40/k. One needs to “stabilize” the size of the extra dimension in
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an untuned fashion. Secondly, gauge theory in 5d is naively nonrenormalizable; the
covariant derivative D ~ 9 — igA has mass-dimension 1, and inspecting the kinetic
term (90A)? for gauge bosons tells us that they have mass-dimension 2, implying that
g has mass-dimension —%. As we need 5d gauge theory as an ingredient to write down
the warped SM, and we require g ~ O(1)/vk, we consequently need a UV-completion
right away in 5d, implying new 5d physics states which can themselves redshift down
to the compositeness scale. It is known that nonsupersymmetric RS can indeed be
realized in type IIB superstring theory [15]. Finally, one must consider a nonminimal
5d gauge sector in order to prevent against large corrections to electroweak precision
observables.

Supposing we indeed did live in a universe with warped extra dimensions, we
would expect to see lots of exciting new physics around the compositeness scale; KK
excitations of all SM fields, the KK graviton, and perhaps even the excitations of the
fields (or strings) which UV-complete RS. However, much like with the MSSM, we

have seen no evidence for any of these exciting new physics observables.

1.2.3 The Little Hierarchy Problem

In the past few years, we have been collecting evidence that if one believes firmly
that the hierarchy problem has a solution, then there is in fact a “little hierarchy
problem” (LHP). This problem is essentially the non-observation of any evidence

that the hierarchy problem has indeed been solved by nature. In order to eliminate
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fine-tuning, one generically expects new physics to have shown up by O(100 GeV), and
certainly no later than O(1 TeV). However, despite the exhaustive set of experimental
searches that have been performed, we have yet to find compelling evidence for the
existence of new particles which solve the hierarchy problem. We have probed the SM
on many frontiers; we have tested its CP physics, its flavor physics; we’ve performed
electroweak precision measurements and performed direct searches at colliders, and
yet none of these have turned up any evidence for new physics.

One might suppose that the new physics is right around the corner (O(10 TeV)),
but pushing the SUSY-breaking scale or the compositeness scale reintroduces fine-
tuning at the percent-level or worse. The LHP is shared by all solutions to the
hierarchy problem, and none offer resolutions of the LHP by themselves. Various
solutions to the LHP exist; Twin Higgs, Little Higgs and superlatives and natural
SUSY are a few examples of solutions. We will focus on natural SUSY; in this
context, the solution is the following: take the minimal amount of supersymmetric
physics required to stabilize the little hierarchy below 10 TeV, and then push all of the
other states up to higher energies. This strategy crucially allows for the little hierarchy
to be stabilized, while removing various experimental constraints on supersymmetric
models, as we will see in great detail in this thesis. However, within this framework
there are still various nontrivial opportunities to discover even this minimal set of
new physics.

In this thesis, we will explore phenomenological consequences and self-consistency
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of natural SUSY as a solution to the LHP. There is no reason a priori to suspect
that perturbative SUSY must be the solution to the big hierarchy problem, and so we
work in a bottom-up framework in our study of natural SUSY, asking what physics
we absolutely need for the stabilization of the little hierarchy. We then move on
to the possibility that the aforementioned natural SUSY spectrum might fall into
our laps naturally when studying supersymmetric RS models exhibiting a mechanism
known as “accidental SUSY”. In this mechanism, one breaks SUSY at high scales,
but a part of the SUSY “accidentally” redshifts down the throat and is present in
the low-energy spectrum. Finally, although it is known that warped throats similar
to RS can be embedded in string theory, it is not clear ahead of time that we can
find UV-completions of RS models which also exhibit accidental SUSY. Therefore,
we offer a proof-of-principle that accidental SUSY can be realized in noncompact 11B

string models.
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Chapter 2

Natural SUSY: The Story Below

10 TeV

In this chapter, we discuss the mechanism of natural SUSY, and its implications
for the little hierarchy problem. As mentioned in the previous chapter, the goal is to
work from the bottom up; impose a moderate cutoff of 10 TeV on the theory, and ask
what minimal amount of supersymmetric physics is needed to ensure radiative stability
of the theory up to the cutoff. This constitutes a resolution to the little hierarchy
problem as the minimal amount of new physics, lacking as spectacular of signatures
as other points in MSSM parameter space, can elude searches at the LHC and in
other experiments. Ref. [16] dubbed this kind of structure “effective SUSY”; in this
thesis we will refer to it as “natural SUSY”, as we shall explain later. Since [16}/17],

a number of quite different approaches to far-UV dynamics have converged on such
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a “more minimal” spectrum at accessible energies [3,[18-20]. The significance of the
10 TeV scale is that almost all experiments, up to and including the LHC, only have
sensitivity to new physics < 10 TeV, be it through direct searches or virtual effects.
In this regard, flavor physics tests are exceptional in probing vastly higher scales and
consequently they require special consideration.

What we will find, as mentioned in [21,22] and developed in [17], is that super-
partners with O(1) coupling to the SM are required for naturalness up to 10 TeV. In
natural SUSY, these superpartners are the stops, sbottoms, gauginos and the Higgs
sector, but with other squarks and sleptons heavy and beyond reach of the LHC.
This particle content satisfies the criterion of being natural up to 10 TeV. The omit-
ted superpartners may play a crucial role in weak scale stability up to much higher
inscales, but this is outside the scope of the effective theory and outside the grasp of
the LHC. We will investigate the range of squark, gaugino and Higgsino masses for
which the electroweak scale is natural, as well as explore indirect constraints on this
scenario, in particular from flavor and CP tests. We will see that from a bottom-up
perspective, R-parity violation is very well-motivated. Finally, we will explore the
phenomenological differences between Majorana and Dirac gauginos.

This chapter is borrowed heavily from the author’s work in [4], and the re-
search was performed in collaboration with Raman Sundrum, Andrey Katz and Scott

Lawrence.
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2.1 Introduction and General Concerns

Naturalness is our driving concern when building our BSM framework. However,
one must weigh naturalness against those general concerns of the SUSY paradigm

which at least partially relate to very high energies, such as:

The SUSY flavor problem

Grand unification

Proton stability and R-parity

Superpartner dark matter candidates

SUSY-breaking dynamics

The Higgs mass

In this chapter, we study minimal effective theories that arise from insisting on
naturalness of the low-energy theory. They are “minimal” in terms of the particle
content and parameter space of L.s¢. This does not imply, however, that their UV-
completions are also minimal in some way. Conversely, the MSSM is a minimal visible
sector from the high-energy perspective, but is non-minimal in the sense that matters
to the LHC effective theory and phenomenology, as we will review.

Of course, there is no guarantee that at accessible energies new SUSY physics will
be turn out to be minimal. Rather, we study minimal LHC-effective theories for three
reasons:
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e They represent possible SUSY phenomenology, and there do exist UV SUSY

dynamics that match onto them

e A part of the natural parameter space remains open, and yet is discoverable by

the LHC

e Minimal models in any arena of exploration represent an important departure

point for thinking more broadly.

In this chapter, we will take a relatively UV-agnostic approach to the minimal
effective theory at LHC energies than has been previously considered. We do not
do this blindly, but only after discussion of the general SUSY concerns listed above.
We will argue that modern developments in model-building and SUSY field theory
have proliferated the range of UV options that relate to these issues, and it is pre-
cisely for this reason that we advocate thinking more modularly about them, and
with less commitment to any one UV plot. Our goal will be to use electroweak nat-
uralness, flavor constraints, minimality, and earlier searches as a guide to the LHC
phenomenology, to be discussed in chapter 3. We will use this platform to study the
LHC phenomenology in more detail, and in chapter 3 and in future work to broaden
and help optimize experimental search strategies. We will adopt the name “natural
SUSY” to refer to this minimalist and UV-agnostic approach to the LHC-effective
theory. Our study of natural SUSY coincides with the accumulation of significant

LHC data. However, there are earlier collider studies relevant to natural SUSY on
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which our work expands, such as [23-29).

The chapter is organized as follows: in section we derive the minimal natural
SUSY Lagrangian subject to electroweak naturalness with a cutoff of ~ 10 TeV. Here
we impose R-parity and make the useful idealization that the third generation does
not mix with the first two generations. We also make the standard assumption that
the Higgsino mass arises from a supersymmetric g term. In section[2.3] we perform the
same exercise but with a cutoff of only ~ 1 TeV, in a sense increasing our agnosticism
towards what lies above the early 7 and 8 TeV LHC reach. One possibility, but not the
only one, is that this 1 TeV effective theory derives straightforwardly from the 10 TeV
effective theory of section 2.2} In sections and [2.5] we study the possibility that
Higgsinos obtain mass from soft SUSY breaking rather than a p term, and we write
an even more minimal set of effective Lagrangians with 10 TeV and 1 TeV cutoffs.
In section [2.6] we put back consideration of third-generation mixing, and review and
extend the constraints provided by low-energy flavor and CP tests. We emphasize the
considerable safety of the natural SUSY scenario. In section [2.7] we make the case
for R-parity violation as a very plausible option, write the natural SUSY R-parity
violating interactions, and discuss some of the low-energy constraints. In section [2.8]
we discuss the interesting possibility of Dirac gauginos and how this can considerably
affect the collider phenomenology and low-energy constraints.

While the work this chapter was derived from was being completed, we became

aware of three other groups pursuing partially overlapping work [30-32].
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2.2 Natural SUSY < 10 TeV with Light

Higgsinos

Let us start with the MSSM field content and ask which superpartners are min-
imally needed in order to maintain electroweak naturalness below 10 TeV, roughly
the collider reach in the years to come. We will not ask here what physics lies above
this scale. Therefore at the technical level, Ay = 10 TeV provides the cutoff for any
UV divergences encountered in the effective theory, and this allows us to estimate
electroweak fine-tuning and check where in parameter space natural SUSY solves the
little hierarchy problem of the SM.

SM particles with order one couplings to the Higgs boson must certainly have su-
perpartners in the effective theory because they would otherwise give rise to quadrat-
ically divergent Higgs mass-squared contributions at one loop, ~ A%, /(167%), big
enough to require significant fine-tuning. In order to supersymmetrically cancel these
divergences, the effective theory must therefore include the left-handed top and bot-
tom squarks, 4, = ({z, b 1), and the right-handed top squark, 5, as well as the up-type
Higgsino, k., and electroweak gauginos, A2

Considerations beyond SUSY itself imply that we need to retain even more super-
partners. Electroweak gauge anomaly cancellation implies that h, must be accompa-

nied by hg in the effective theory. Indeed, one might have anticipated that down-type

Higgs bosons, hg, are required anyway to give masses to the down-type fermions, and
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that hq provide the required Superpartners. With the h; bosons present in the effec-
tive theory, there is a new quadratic divergence, even in the supersymmetric limit, in
the form of a (supersymmetric) hypercharge D-term. It is associated by supersymme-
try with the mixed hypercharge-gravity triangle anomaly. The quadratic divergence
vanishes only if Tr(Y) = 0, where Y is the hypercharge charge matrix over the scalar
fields of the effective theory. With the field content described, including h,4, this
condition is not satisfied, and the theory remains unnatural despite superpartners
for the main players in the SM. Vanishing Tr(Y") can be arranged by retaining the
right-handed bottom squark, Bf%, within the effective theory.

For the most part, two-loop quadratic divergences ~ A%, /(167%)? are not impor-
tant for Higgs naturalness, with a cutoff as low as 10 TeV. But the QCD coupling is
an exception. In particular, the §r, %5 masses must themselves be so light in order
to protect Higgs naturalness at one loop order, that they suffer from their own nat-
uralness problem due to one-loop mass corrections from QCD. This one loop QCD
destabilization of the squarks, hence two-loop destabilization of the Higgs, requires
the gluino, A3, to be in the effective theory.

In this way, the effective theory has complete supermultiplets,

"'We proceed with this logic in this section, although there is a loop-hole whereby h, can provide
down-type fermion masses in the effective theory, and hy bosons are not needed. We discuss this

option in sections and
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T L tr
Q= = (qr,q1) = i ;
B b br
T = (I th)
B = (b, 0)
Hy = (hu, hu)
Hy = (ha, ha)
Vi = (Bu, M)
Vo = (W, A2)
Vs = (G, A3) (2.1)

2.2.1 Effective Lagrangian, Neglecting Third-Generation
Mixing
Above, we have introduced squarks belonging to only the “third generation”, and
yet this notion is slightly ambiguous because generation-numbers are not conserved,
even in the SM. However, CKM mixing involving the third generation is at least
highly suppressed, so we will begin by considering the “zeroth order” approximation
in which third-generation number is exactly conserved. For most purposes in LHC
studies of the new physics, this approximation is sufficient. But for complete realism

and to check the viability of the theory in the face of very sensitive low-energy flavor
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constraints, the extra subtlety of third-generation mixing must be taken into account.
We defer this discussion until section 2.6, For now, this mixing is formally “switched
oft”. Further, we will impose R-parity on natural SUSY, and defer the discussion of
possible R-parity violating (RPV) couplings to section

With the field content described above, the effective Lagrangian is given by

1 _ _
»Ceff = /d40K + (/ d20 (ZWZ + ytTHuQ + beHdQ + [LHqu> + hC)

kin

| plight <aRYulighthu¢L + JRyinhthd@/;L + h.c.> + Liepton

| 2

_m?I'L|gL|2 - m?‘%’ﬁ% - mg% iﬁ%|2 - miu|hU|2 - mid|hd|2

_ (mizl,Q,gAiAi + Buhyhg + AdShadr + Aybshadr + h.c.)

+£hard + Enonfren. (22)

where the first line is in superspace/superfield notation, while the remaining lines
are in components. Here, K is the standard gauge-invariant Kéhler potential for
the chiral superfields of Eq. , and EZ?: " denotes the standard gauge-invariant
kinetic terms for the light SM quarks (that is, not the top and bottom), ug, dg, ¥y =
(ur,dr). Liepton denotes all terms involving leptons, with Yukawa couplings to hg
(neglecting neutrino mass terms). The super-field strength tensors are implicitly
summed over all three gauge groups of the standard model, both here and throughout
the chapter. Even the second line can be thought of as the result of starting from the

supersymmetric MSSM, but then deleting all superpartners for light SM fermions. As

34



CHAPTER 2. NATURAL SUSY: THE STORY BELOW 10 TEV

mentioned above, we ignore the third generation mixing with the first two generations
(until section [2.6). The third and fourth lines are soft SUSY breaking terms for the
superfields of the effective theory.

The absence of superpartners for the light fermions will necessarily induce hard
SUSY-breaking divergences at one-loop order. To renormalize these, we must include
hard SUSY breaking couplings into the effective Lagrangian, and naturalness dictates
that the renormalized couplings be at least of one-loop strength, > 1/(1672?). These
couplings are included in the last line, in £,4,4. Such couplings can then appear within
one-loop Higgs self-energy diagrams, yielding two-loop sized quadratic divergences,
2> A%, /(167%)%. While this is acceptable from the viewpoint of naturalness, we
see that we cannot tolerate order one hard breaking couplings. UV completions of
natural SUSY theory can contain mechanisms to naturally yield such non-vanishing,
but suppressed, hard breaking terms, for example [3],/19]. Because the hard breaking
is necessarily small, it is largely negligible for early LHC phenomenology. On the
other hand, at a later stage of exploration, measuring hard SUSY breaking such as a
difference between gauge and gaugino couplings may provide a valuable diagnostic.

Natural SUSY is expected to arise from integrating out heavy physics above 10
TeV, some of which is crucial in solving the hierarchy problem to much higher scales.
It should therefore be a non-renormalizable effective theory, with higher-dimension
interactions suppressed by ~ 10 TeV or more. These are contained in L,,,_ren ON

the last line. Again, these will be largely irrelevant for early LHC phenomenology,
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but can very important in precision low-energy experiments, such as CP or flavor
tests. The most stringent of such tests imply that at least some non-renormalizable
interactions have to be suppressed by effective scales much beyond 10 TeV. Again,
there are UV completions of natural SUSY which possess natural mechanisms to

explain this required structure.

2.2.2 Higgs Mass

The experimental measurement of the physical Higgs scalar provide some of the
most stringent constraints on weak scale SUSY. The dominant couplings of our effec-
tive Lagrangian are just those of the MSSM, so the electroweak symmetry-breaking
and Higgs-mass predictions are essentially the same. This is problematic because nat-
uralness dictates stops lighter than a few hundred GeV, while the physical Higgs mass
constraints require higher stop masses. One difference with the high-scale MSSM is
that in natural SUSY we have hard SUSY breaking couplings, among which can be
Higgs quartic couplings which ultimately contribute to the physical Higgs mass. How-
ever, these contributions are modest, just a few GeV, since the hard SUSY-breaking
couplings must be suppressed for electroweak naturalness. Instead, sizeable upward
contributions to physical Higgs mass require new particle content beyond the MSSM
(see e.g. [33] and references therein). For example, this is readily accomplished by

adding a chiral superfield gauge singlet S to the effective theory [34-37],
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1
0Less = /al49|S|2 + /d20 (HSHqu—I— 5052) + h.c.

—m?|s|> + other soft terms (2.3)

which contains a new contribution to the Higgs quartic couplings, ~ 2. The soft
scalar mass-squared term m? can be O(TeV?) without destabilizing EWSB. It can also
ensure that the singlet does not acquire a vacuum expectation. In principle, in natural
SUSY with a 10 TeV cutoff, we must commit to which type of physics, 0L, s, accounts
for an acceptable physical Higgs mass. But for early LHC superpartner searches, the
details of 0L, ¢ need not be relevant, as the new particles can lie above 1 TeV. In such
cases, the new physics is just a “black box” which gives viable physical Higgs masses.
Indeed, in writing natural SUSY theories with a lower ~ 1 TeV cutoff, we will see
that we can formally imagine having integrated out the new physics responsible for

new Higgs quartic couplings.

2.2.3 Naturalness in Natural SUSY

Here, we assemble the electroweak naturalness constraints on natural SUSY),
thereby giving a rough idea of the motivated regions of its parameter space. For this
purpose, we will compute various independent corrections to the h, mass-squared, and
simply ask them to be < (200 GeV)? for naturalness. We will compute these correc-

tions before EWSB. Contributions sensitive to EWSB are typically ~ O((100 GeV)?),
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and therefore typically do not compromise naturalness. Given the intrinsically crude
nature of naturalness arguments, we see no merit in a more refined analysis.

We begin with a classical “tuning” issue. The p term gives a supersymmetric
|it|? contribution to the Higgs mass-squareds. While the soft terms also contribute to
Higgs mass-squareds, naturalness forbids any fine cancellations, so therefore by the
criterion stated above,

1] < 200 GeV (2.4)

This same parameter then also plays the role of the Higgsino mass parameter, en-
suring relatively light charginos and neutralinos in the superpartner spectrum. (Of
course, after EWSB, these physical states may also contain admixtures of electroweak

gauginos.)

Figure 2.1: Higgs mass corrections

Next, we turn to quantum loops. We assume that §;,, tz have approximately the
same mass, my, for simplicity, and we also neglect the p and A-terms. We work pre-
EWSB since we are concerned with sensitivity to parametrically higher scales. We
now evaluate the diagrams in figure Note that we ignore finite terms, assume the
stops are the same mass for simplicity and assume m; < A.
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o =i (¥, [ TODD)

6yt2 A2

=~ 16r2 (2.5)

(5mi’t~ = 2(2)(—zyt2)Nc/d4lm

— pel D .

Summing these, we find that the miu parameter receives the following correction:

312 A
omp = —4—7Tt2m? In (—) (2.7)

Naturalness therefore requires, very roughly,
mi < 400GeV (2.8)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs
mass-squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino
mixing) and just looking at the stronger SU(2); coupling, the Higgs self-energy di-
agrams are in figure 2.2 There are nontrivial gauge index contractions in these

diagrams; in all four, they contract to return the quadradic Casimir C\.

5mi,ﬁ—ﬁ/ = i(_i\/§92)202(—1)/d4lTr <l2 / / >

— m2 o ]2 — 2 )
mh+zel my, + e

49502 2 2 2 A
= — — < s — 2.
62 <A 2(m; +my;,) In . (2.9)
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Figure 2.2: Higgs mass correction
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For SU(2), the quadratic Casimir is Cy = %, and so the Higgs mass correction is then
given by

3 A
om; = %(m?y +m3)In — (2.13)
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We identify the Higgsino mass with u. Because we are already taking p < 200 GeV,

this translates into a roughly natural wino mass range of
myy, S TeV (2.14)

Next, in general, there are quartic scalar terms in the Lagrangian that would
give rise to quadratic contributions to the Higgs mass, arising from the D-terms of
the various groups. In general, though, they are proportional to Tr7T* and therefore
vanish for SU(N). We are therefore led to consider the contributions from U(1)y.

We compute the hypercharge D-term loop contribution to Higgs mass-squared, in

figure

Figure 2.3: Higgs mass correction

This gives rise to a higgs mass correction:

2 . . ?
5mhu =1 Z (—ZYhu}/J)/dAlm

scalars j
2yY, A% +m?
_ Z 92 Lithu (p2 0y, 0 T (2.15)
scalars j 167 ’ mJ2

Including both the right-handed sbottom and the down-type higgs, as we do in
this section, ensures that the quadratic divergence cancels, but there is still a residual

41



CHAPTER 2. NATURAL SUSY: THE STORY BELOW 10 TEV

correction to the higgs mass. Given that other scalars have already been argued to

be relatively light, we can use this correction to estimate the natural range for the
mass of by,

mg,. S 3TeV (2.16)

Finally, 4, tr also being relatively light scalars, suffer from their own naturalness

problem, with mass corrections dominated by the diagrams in figure [2.4}

Figure 2.4: Stop mass correction
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2 N 4 _iéﬁ
5m£7g = Z(2Zg3)502 a lm
493%02 2
_ A 2.1
1672 (2.19)

2
9302 2 2 A

— A —2ms1 — 2.2
1672 ( M (m;)) (2.20)

The quadratic Casimir for SU(3) is C, = 3, giving rise to a stop mass correction:

2g2 A
om? = 3—7§m3 ln@ (2.21)

For squark masses ~ few hundred GeV, naturalness requires

mg S 2m; (2.22)

2.3 Natural SUSY < 1 TeV with Light

Higgsinos

Although the LHC has a multi-TeV reach in principle, parton distribution func-
tions fall so rapidly at high energies that most parton collisions have sub-TeV mo-
mentum transfers. In the early LHC era, statistically signficant natural SUSY signals
would be in this regime. For example, in natural SUSY, gluino production would
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have a cross-section of just a few fb for TeV gluino mass. We can therefore focus
our attention on just the early accessible physics by constructing a rough natural
SUSY theory with a cutoff Ayy ~ TeV, while not committing strongly to the physics
above this scale. With such a low cutoff, only top quark loops in the SM destabilize
Higgs naturalness. This is cured by SUSY cancellation upon including the squarks,
qr,tr, to form complete supermultiplets, Q = (qr,qr), T = (%,t%), as before. Even
hypercharge D-term divergences from the uncancelled Tr(Y) are not quantitively
significant. It therefore appears that we can dispense with Higgsinos, I;R, and the
gauginos in the effective theory. However, if Higgsino mass arises from a supersym-
metric p term, as discussed in section [2.2.3] then electroweak naturalness also forces
the Higgsinos to be light. We will continue with this assumption in this section, and
therefore retain complete supermultiplets, Hy 4 = (hy.q, Bu,d)-

Even though we do not commit here to the structure of the theory above 1 TeV,
one possibility is that it is just that of the last sectionﬂ But in that case, by eqn.
, we should include the gluino in the sub-TeV effective theory. However, non-
minimal physics in the 1 — 10 TeV window can change this conclusion, and indeed

the gluino might naturally be considerably heavier than 1 TeV. We illustrate such

2While the LHC might be dominated by sub-TeV physics, as explained above, electroweak preci-
sion tests at lower energy machines are famously sensitive to multi-TeV scales via virtual processes.
In the 1 TeV effective theory, this translates to precision test sensitivity to higher dimensional op-
erators. In the case, where this effective theory merely originates from our 10 TeV effective theory,
such higher-dimensional operators are suppressed by the 10 TeV scale and are safe from electroweak
precision tests. We take this as an existence proof that multi-TeV physics of the sort we contemplate
can easily yield sufficiently suppressed higher-dimensional operators in the TeV effective theory to
be safe, and make it an assumption for our consideration of TeV effective theory in general. We do
not further specify the structure of such operators, given their lower relevance for LHC processes.
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new physics in section [2.8, with the example of a Dirac gluino. It exemplifies the
general theme that non-minimal UV physics can lead to more minimal IR physics,
while still being compatible with naturalness. Here, we merely check within the TeV
effective theory that naturalness indeed requires stops, but that these stops do not
require gluinos. The first statement follows from eqn. , where naturalness up to
Ayy ~ 1 TeV then implies

m; S 700GeV (2.23)

The second statement follows from eqn. , where we see that with the logarithm
of order one and gluino mass ~ 1 TeV, we can naturally have stops as light as 300
GeV. In our phenomenological studies of section [3.1] we mostly keep in mind lighter
stops, m; < 400GeV, compatible with either 1 or 10 TeV cutoffs as discussed in

section
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2.3.1 Effective Lagrangian, Neglecting Third-Generation
Mixing

Given the light superpartner content described above, the R-parity conserving

effective theory below a TeV is given by

1 _ _
Lo = /d40K + (/ d%0 (ZW‘% +y,TH,Q + y, BH,Q + uHqu) + h.c.>

+£light . (ERYJighthqu + CZRYdlighthde + hC> + [»lepton

kin

2, il — i {52 —m? |l — m3, |l
— (Bphyha + Adhagr, + hec.)

+£hard + Enon—ren. (224)

which is to be interpreted as in eqn. except that all terms involving gauginos or
B‘jz are to be thrown away after expanding the superspace expressions in components.

With the cutoff as low as 1 TeV, the hard SUSY-breaking can now include |h,|*
couplings strong enough to give contributions to the physical Higgs mass of tens of
GeV without making EWSB scale unnatural. One can think of these terms as arising
from new fields, such as discussed in section [2.2.2] heavier than 1 TeV, which have
therefore been integrated out. One virtue of this sub-TeV theory is that we do not
have to commit to just what UV physics contributed to Higgs mass; whatever it might

be is parametrized by the effective hard couplings.
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2.3.2 Dark Matter Considerations

In our TeV effective theory, we must take the Higgsinos as the lightest superpart-
ners in order to avoid phenomenologically dangerous colored (collider-)stable particles
in the form of stops or sbottom. Such Higgsinos will then form charginos and neu-
tralinos at the ends of superpartner decay chains. Higgsino neutralinos would have a
thermal relic abundance smaller than needed to fully account for all of dark matter.
This is not an issue if dark matter is dominated by other physics not accessible to the
LHC. Another possibility is that the wino and bino, A; 2, which are not required to
be light by naturalness, are nevertheless light and in the effective theory, and a linear
combination of gaugino-Higgsino forms a neutralino LSP. It is possible then that such
a hybrid LSP has the correct thermal relic abundance to account for dark matter.
This computation still remains to be checked in the natural SUSY context however.
Even in this case, our minimal effective theory is still useful, in that for the purposes
of early LHC phenomenology the details of charginos/neutralinos are not as impor-
tant as their existence and the LSP mass. The Higgsino LSP in our effective theory
can therefore serve as a toy model of whatever the real chargino/neutralino degrees

of freedom are. More refined modeling can wait until the new physics is discovered.
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2.4 Natural SUSY < 10 TeV with Heavy

Higgsinos

As alluded to earlier, given that we necessarily have hard SUSY breaking couplings
in natural SUSY, we can reduce the particle content even further by eliminating
hq bosons and the right-handed bottom squark l;cR from the effective theory. See
references [38-H40| for earlier related works. This move maintains the vanishing of
Tr(Y') required for naturalness with 10 TeV cutoff, but forces us to obtain Yukawa-

couplings for down-type fermions by coupling them to
hi = iosh! (2.25)

where 04 is the second weak-isospin Pauli matrix. This is the usual approach to get-
ting down-type fermion masses in the SM with a single Higgs doublet. In the SUSY
context, such a coupling cannot arise from a superpotential, which can only depend
on H,, not HI. Instead, it represents a hard SUSY breaking effect (though it may
arise from soft SUSY breaking from the vantage of a UV completion). It poses no
threat to naturalness if the couplings are < 1. This is certainly the case for all the

down-type Yukawa couplings.
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2.4.1 Effective Lagrangian, Neglecting Third-Generation
Mixing

With the particle content described above, the R-parity conserving effective La-

grangian is given by

1 _
Legr = /d40K+ (/ d*0 (ij +ytTHuQ) +h.c.>

+Lyin — <ﬂquighthuQL + ypbhqr + JYdlighchqL + h.c.) + Liepton

2 0 — m B — m? ]
- (mi:l,Q,S)\i)\i + Agizhug[/ + m;jluil,d + h.c.>

+£hard + 'Cnon—ren. (226)

The Kahler potential K consists of the gauge-invariant kinetic terms for the chiral
superfields, T, Q, H,,, while compared with eqn. , the kinetic terms for the (now
un-superpartnered) fermions by and de have now been added to L;,. The second to
fourth lines still follow from the MSSM after deleting fields that are absent in our
effective theory, except for the small Yukawa couplings of i} to down-type fermions,
which we pointed out above are a form of hard SUSY breaking. Other hard breaking
as well as non-renormalizable couplings appear on the last line. Our discussion of the
physical Higgs mass, and contributions to it, is similar to section [2.2.2] However a
singlet coupling to h,hg is not possible since we have removed hg4, but in an electroweak

triplet coupled to H, H, is possible and results in a |k, |* terms in the potential [41-43].
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2.4.2 Higgsino Mass

Note that the Higgsino mass now takes the form of a soft SUSY-breaking mass
term, mj, as opposed to a supersymmetric ;4 term as in section . In this way, it is
uncorrelated with any contribution to Higgs boson mass-squared. Therefore, there is

only one modification to the bounds obtained in section namely, that now mj

is only constrained by eqn. (2.13), so that

mj, S TeV (2.27)

2.5 Natural SUSY < 1 TeV with Heavy

Higgsinos

In the most minimal of our effective theories, all gauginos and Higgsinos can nat-
urally be heavier than a TeV and thus integrated out of the sub-TeV effective theory.

If we identify h, with the SM Higgs doublet, the only new particles are ¢, by, {5

20



CHAPTER 2. NATURAL SUSY: THE STORY BELOW 10 TEV
2.5.1 Effective Lagrangian, Neglecting Third-Generation
Mixing
The effective Lagrangian with R-parity is then given by

Lepp = Lo+ L5 = Voterms = (1hude + [Fde | + [Frhul?)
—mi |hl® = m2, |G = m2, [T]* — (AfRhuds + hic.)

+£ha7"d + *Cnon—ren. (228)

Ly is the SM Lagrangian with h,, playing the role of the SM Higgs doublet, but with
no Higgs potential. The Higgs potential is a combination of the soft Higgs mass term
in the second line, the D-term potential and possible hard SUSY-breaking couplings
~ |hy|*. As discussed in section [2.2.2] these hard SUSY breaking couplings can be
large enough to easily satisfy the Higgs mass bound without spoiling naturalness.
With exact R-parity, one of the colored superpartners would necessarily be stable
and phenomenologically dangerous. However, we can use the above effective La-

grangian as the minimal departure point for adding R-parity violating corrections.

We take this up in section [2.7]

2.5.2 Effective Lagrangian with Neutralino LSP

Another possibility is that R-parity is exact but there is a neutralino LSP in

the spectrum, even though it is not required by electroweak naturalness. It may or
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may not be the dominant constituent of dark matter. Since we cannot determine
its identity by theoretical considerations alone, we will just add a temporary “place-
holder”, that allows the squarks to decay promptly while preserving R-parity. We
choose this to be the bino, A, even though taken literally, it would predict too large a
thermal relic abundance of dark matter. A more refined description of the neutralino
would not add much to the early LHC search strategy. In this option, as compared
to that of section and eqn. (2.24)), we do not have a chargino.

The effective Lagrangian then takes the form

Lepr = Loar+ L™ — Vo terms — Yt ([hu@n]® + [E500]* + [£5:h]?)

—mj, [hl* = m3, | ]* = mi [T — (Afhady +h.c.)

1 1 2
6 6 3F

-\ — N ~ =~ ¢\ jc 2:c c
+iM0 - oA — (MaAA +hee.) — \/592 <_QL)\1C]L + —qrhqr — sttty — gtRMtR)

+£hard + 'Cnon—ren.

2.6 Flavor-Changing Neutral Currents and

CP Violation

Above, we have worked in the drastic approximation that the mixing between
the third generation with the first two generations vanishes, so that the meaning of

“third generation” squarks, ¢z, t%, 5%, is completely unambigous. In this limit, there
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is a conserved third-generation (s)quark number. In the real world, third generation
mixing is non-zero but small. In the Wolfenstein parametrization, mixing with the
second generation is of order €2 and mixing with the first generation is of order €,
where € ~ 0.22 corresponds to Cabibbo mixing. Given this fact, it is more natural to
have comparable levels of violation of third-generation (s)quark number in the physics
we have added beyond the SM.

In practice this means that for every interaction term in which the squarks cur-
rently appear, where third-generation number is conserved by the presence of ¢ or
b quarks (in electroweak gauge basis), we now allow more general couplings, with
the third generation quarks replaced by quarks of the first and second generations.
The associated couplings with second generation quarks are taken to be of order €2,
while those with first generation quarks are taken to be of order €2, all in electroweak
gauge basis. All these couplings involving the squarks are technically hard breaking
of SUSY, but €2® is so small that, like other hard breaking in the effective theory,
they do not spoil Higgs naturalness below 10 TeV. For most, but not all, of the LHC
collider phenomenology the small €2 effects are negligible and we can proceed with
our earlier effective Lagrangians. (We must of course keep SM third generation mix-
ing effects, so that, for example, the bottom quark decays.) But in the more realistic
setting with third-generational mixing, we must confront the SUSY flavor problem.
In natural SUSY, this problem has two faces, IR and UV.

The UV face of the problem is contained in the non-renormalizable interactions of
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eqn. (2.2)). For example, they can include flavor-violating interactions such as sdsd.
If such a non-renormalizable interaction were suppressed only by (10 TeV)?, it would
lead to FCNCs in kaon mixing, orders of magnitude greater than observed. It is
therefore vital for the non-renormalizable interactions to have a much more benign
flavor structure. Whether this is the case or not is determined by matching to the
full theory above 10 TeV, IR natural SUSY considerations alone cannot decide the
issue. References [3,19] are examples of UV theories which reduce to natural SUSY
at accessible energies and automatically come with the kind of benign UV flavor
structure we require. In this thesis, we simply assume that the UV-sensitive non-
renormalizable interactions are sufficiently flavor-conserving to avoid conflict with
FCNC constraints.

There remain FCNC effects that are UV-insensitive but are assembled in the IR of
the effective theory through the small €2 flavor-violating couplings. Many of these
have been studied in [44] and are small enough to satisfy current constraints. Indeed
this feature is one of the selling points of natural SUSY. Here, we illustrate one such
FCNC effective interaction for (CP-violating) K — K mixing arising as a SUSY “box”
diagram. Similar processes were studied in [45-48|, with minor adaptations needed
in our case.

While the effect is suppressed by O(e'®) in natural SUSY, it is more stringently
constraining than B;— By mixing or B, — B, mixing, even though these are suppressed

by just O(e%) and O(e?) respectively. We show that with our rough flavor-changing
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power-counting the bg squark is constrained to lie above several TeV in the absence

of flavor-parameter tuning.

Figure 2.5: Contributions to K — K mixing

In a low-energy effective Lagrangian to be run down to the hadronic scale, we match

onto effective operators of the form

Lepr O k(SLdr)(SrdL) (2.30)

Strictly speaking there are two different operators depending on color contraction.
As shown in an operator Oy o« dips)d} sk (where i,j are color indices) is not
enhanced by QCD running and has 1/N.-suppressed QCD matrix element. Therefore
we concentrate on Oy o< dis;d)s%, which has enhanced QCD running and large
hadronic matrix element. Therefore, for the purpose of our simple estimate, in
we only study the case where each bilinear is a color singlet.

Integrating out the superpartners yields:
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R m3
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R

where, as discussed above, the squark couplings to second generation quarks are
assigned strength ~ gse?, while squark couplings to the first generation are ~ gze3. We

neglect by -by mixing (after EWSB). Note that our result contains large logarithms

2

Suark> Which in principle should be resummed (for example,

of the form Inm? /m
R
see |48]). However, we do not do this since, again, we only seek an estimate for .

Current constraints on € require that [49]

(09 % (35575707 ) (232)

For mg ~ TeV and mg, ~ 350 GeV, this translates into a bound on br mass of
roughly Mye 2 17 TeV.

Of course, this bound is extremely sensitive to our estimates for the flavor-changing
vertices. For example, if each flavor-changing vertex were only half as strong as our
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above estimates, the bound would be relaxed to Mye 2 4 TeV, roughly consistent with
the requirements of naturalness in section 2.2.3] Alternatively, there may be small
phases present in the vertices that further suppress x. In the even more minimal
natural supersymmetry structure of sections and , ZN)% is completely absent and
there is no robust infrared contribution to x at one-loop order to worry about.

There are also CP-violating effects unrelated to flavor-changing, in particular elec-
tric dipole moment (EDM) constraints. From [50,51] (see also references therein), we
see that again natural SUSY has a relatively safe IR structure, with large regions of
viable parameter space[]

For example, see case II of Table III in [51] and the surrounding discussion. We
show that these constraints are even more relaxed in the case of Dirac gauginos, in

section

2.7 R-Parity versus R-Parity Violation

R-parity plays a central role in theory and phenomenology within the weak scale
SUSY paradigm. We will review some of the reasons for this, and argue that in
light of several modern theoretical developments, the case for R-parity conservation
in natural SUSY is less compelling. We are therefore more strongly motivated to take

seriously an R-parity violating phenomenology. Quite apart from these theoretical

3Here, we are discussing the supersymmetric CP problem as opposed to the Strong CP problem.
We assume for concreteness that the Peccei-Quinn mechanism with an axion resolves the Strong CP
problem.
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considerations, we believe that this RPV phenomenology of natural SUSY is quite
distinctive, and has so far not received enough attention. We will take up its study

in chapter 3.

2.7.1 Proton Decay

The standard motivation for R-parity is that it leads to conserved baryon number.
But it does not follow in complete generality. In the MSSM, baryon-number conser-
vation only follows from R-parity after restricting to renormalizable interactions. For
example, R-parity conserving but non-renormalizable superpotential interactions of
the general form W o UUDE give rise to proton decay. If the MSSM is taken as
valid up to an extremely high scale, such a non-renormalizable term, and the re-
sulting proton decay rate, would be suppressed by that high scale. However, if the
MSSM is an effective theory emerging only below some lower threshold, then the non-
renormalizable operator can be suppressed by just this lower threshold scale, leading
to excessive proton decay. This is precisely the issue in many SUSY GUT theories,
where such an effective interaction arises in the effective MSSM after integrating out
a color-triplet GUT-partner of the Higgs. The moral only gains strength in natu-
ral SUSY, with a 10 TeV cutoff. For example, a dimension-6 R-parity conserving
operator such as updpuger can be viewed as a remnant of a supersymmetric non-
renormalizable Kahler potential term. It gives rise to extremely rapid proton decay

if suppressed by just (10 TeV)2. Such an operator might well arise upon integrating

o8



CHAPTER 2. NATURAL SUSY: THE STORY BELOW 10 TEV

out new thresholds above 10 TeV.

We conclude that R-parity is not by itself enough to protect against proton decay
in natural SUSY; in general we need some other symmetry, such as baryon-number or
lepton-number symmetry[] Clearly then, the proton-stability motivation for R-parity

is gone.

2.7.2 Unification

Traditionally, the reason for arguing against new physics thresholds between the
GUT and weak scales is because such new physics generally spoil the success of gauge
coupling unification. But this is evaded if the new physics comes in complete GUT
multiplets. For example, this is what is typically assumed for the messenger threshold
of gauge-mediated SUSY-breaking models. In the model-building of recent years, we
have seen that even quite radically new intermediate structure can maintain the
success of gauge coupling unification by following this basic rule of GUT-degenerate
thresholds [52]. There also exist new unification mechanisms that improve on the
imperfect unification of SM via strong coupling effects over intermediate scales [53].
Therefore, we cannot have confidence that there is a Weak-GUT desert, as is often
assumed. There may well be important new physics (not far) above 10 TeV, and

in this context R-parity does not save us from excessive proton decay, as discussed

4While baryon number (lepton number) is broken by anomalies, just as in the SM, this need only
imply baryon number violation via non-perturbatively small interactions, which can easily be well
below any experimental bounds.
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above.

Another GUT-related reason in favor of R-parity is that in the context of tra-
ditional GUT models, imposing baryon- or lepton-number symmetry conflicts with
the unification of quarks and leptons, whereas imposing R-parity does not. However,
such traditional GUT models also suffer from other difficulties such as the notorious
doublet-triplet splitting problem. In more recent years, it has been understood that
some of the successes attributed to SUSY GUTSs can arise more generally, in particu-
lar in the context of Orbifold GUT models (see [54,/55] and references therein). Such
models employ “split multiplets”, in which quarks and leptons can naturally arise as
incomplete parts of separate GUT multiplets, and the Higgs doublet and triplet are
also neatly split in the same manner. In this orbifold unification context, one can
straightforwardly impose baryon- or lepton-number symmetry, safeguarding proton
stability without requiring R-parity.

In this way, the unification considerations that originally favored R-parity over

baryon- or lepton-number symmetry are less compelling.

2.7.3 Dark Matter

There is a second traditional motivation for R-parity, namely that the lightest
R-odd superpartner is stable, and therefore may account for the dark matter of the
Universe, enjoying the rough quantitative success known as the “WIMP-miracle”.

RPV interactions spoil this stability and seem to rob us of such a dark matter can-
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didate. However, it is entirely possible that dark matter does consist of weak scale
WIMPs, but these WIMPs are stabilized by carrying a different symmetry than R-
parity, under which the SM is inert. This natural possibility leads us to separate the
question of modeling dark matter from the questions of electroweak and Higgs nat-
uralness, at least for the immediate purpose of pursuing collider phenomenology. In
the traditional view, every superpartner produced cascade decays down to the dark
matter particle. But more generally, we can have R-parity violation and dark matter

may or may not be at the end of superpartner decay chains.

2.7.4 RPV and FCNCs

A final reason for favoring R-parity is that in standard weak scale SUSY, large
parts of RPV parameter space lead to excessive FCNCs, only exacerbating the usual
SUSY Flavor Problem. However, this point is mitigated, though not completely
evaded, in natural SUSY, because of the greatly reduced squark content, as discussed
below. Again, this makes RPV a more motivated possibility in the natural SUSY

context.

In the end, we think that both R-parity and RPV alternatives are plausible in
the natural SUSY context, and make for very different phenomenological features
and search strategies. Below we discuss RPV with proton decay protected by lepton

number symmetry, and alternatively by baryon number conservation.
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2.7.5 RPYV with Lepton Number Conservation

The standard renormalizable RPV SUSY couplings preserving lepton number are
of the superpotential form W o U;D;Dyg, with generational indices I, J, K. Such
couplings give rise to a variety of RPV Yukawa couplings and (after SUSY break-
ing) RPV A-terms which can decisively affect superpartner decays and flavor physics.
Here, we specialize to the most minimal particle content of natural SUSY, as dis-
cussed in section and with beyond-SM field content given by G, 5, fzwd, i
While there is the up-type scalar singlet fcR, there is no down-type scalar singlet,
and therefore no RPV A-terms are possible in the natural SUSY theory. The only
RPV Yukawa couplings that come from truncating the above type of superpotential

to natural SUSY are of the form

£RPV = Ii[]l?%d%d%] (233)

We will consider this to be added to the minimal 10 TeV effective Lagrangian of eqn.
(2.26)), or the 1 TeV effective Lagrangian of eqn. ([2.28).

Flavor constraints on these couplings, reviewed in [56], easily allow RPV coupling
strengths that lead to prompt squark decays into quarks at colliders. But while lepton-
number conservation is sufficient to protect against proton decay (assuming the grav-
itino or other non-minimal fermions are heavier than the proton), it does not forbid
neutron-antineutron oscillations. This is because (accidental) U(1) baryon-number

symmetry is incompatible with the combination of RPV couplings, gaugino-squark-
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quark coupling, and Majorana gaugino masses. The bounds on neutron-antineutron
oscillations are stringent (see [57] for review), even in natural SUSY where CKM
suppressions are incurred in mediating such effects via the third generation squarks
and gauginos. Again, RPV couplings can straightforwardly be strong enough to lead
to prompt squark decays to quarks at colliders. And yet, they cannot be order one
in strength. Theoretically, having RPV couplings < 1 is plausible enough, related
perhaps to the smallness of ordinary Yukawa couplings. Experimentally, small RPV
couplings imply that squarks cannot be singly produced at colliders.

Remarkably, there is a way of recovering U(1) baryon number symmetry consistent
with order one RPV couplings of the form of eqn. (2.33), but it requires realizing
gauginos as components of Dirac fermions. Observing single squark production can
then be an interesting diagnostic of supersymmetry breaking, even those parts out of

direct reach of the 7 TeV LHC. We will show how this works in section 2.8l

2.7.6 R-Parity Violation with Baryon Number Con-

servation

The standard renormalizable RPV SUSY couplings preserving baryon number
are superpotential terms of the form, W ~ LLE,QLD,LH,. Let us again consider
truncating to the minimal beyond-SM field content described in sections [2.4 and [2.5]

qr, t%, iLu,d,)\i. Again, there are no A-terms of the forms of these superpotentials
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possible, and the LLE completely vanishes. The bilinear superpotential turns into a
mixing mass term ¢h,. Since hy and the left-handed leptons, ¢, share the same gauge
quantum numbers, we can choose a new basis for them such that there are no (h,

terms. The only surviving RPV Yukawa couplings are then of the form,

Lrpy = Ky, d5 06, (2.34)

We defer the study of the flavor constraints and the LHC implications of this type
of baryon-number conserving RPV interactions within natural SUSY to future work.

Reference [56] reviews such interactions in the more general SUSY context.

2.8 Dirac Gauginos

We have argued in the context of our 10 TeV natural SUSY theories that natu-
ralness requires sub-TeV gluinos, which provides a very significant and visible SUSY
production channel at the LHC. Yet, if we remain uncommitted to the structure of
physics above 1 TeV, we have argued that the gluino need not be present in the
sub-TeV effective theory. At first sight, these two statements might seems in conflict,
but in fact they merely exemplify a general theme in SUSY models: a very minimal
field content in the far IR often requires a less minimal field content at higher ener-
gies. This is the case with regard to gauginos, and gluinos in particular due to their

stronger couplings. The idea of Dirac gauginos [58-60] is to have extra field content
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in the form of a chiral superfield, ®;, in the adjoint representation of each SM gauge
group, with soft SUSY breaking such that the ®; fermion, y;, and the gaugino, \;, get
a Dirac mass with each other, my,A\;x;. With such non-minimal field content below
10 TeV we will see that it is natural to have the Dirac gauginos heavier than 1 TeV.

The 10 TeV effective theory with Dirac gauginos, analogous to the construction

of eqn. (2.2)), is given by

4

1 _ _
Lopp = /d‘*&K + (/ d*0 <—W§ +y,TH,Q + yy BH;Q + pnH,Hy + (\/§mi6°‘)Wm<I>i) + h.c.>

+£light . (ﬂYJighthuQL + J}/gighthqu + hC) + Elepton

kin

2 |G f? = m2, [Fl? = m Bl® = m3 [hul? = m2 [hal? = m ol
—Bphyhg — AdShaqy — ApbShadn + hec.

+£hard + /v‘non—ren.

where the explicit Grassmann 6% dependence parametrizes the soft SUSY breaking
Dirac gaugino mass term in superspace notation, and mé in the third line gives soft
mass-squared to the scalars in the adjoint superfield . The remaining terms are as
discussed below eqn. (2.2)).

Similarly, the 10 TeV effective theory with Dirac gauginos, analogous to the con-

struction of Eq. (2.26)), is given by
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1 _
Lejr = / d'0K + ( / d*0 (ZWj + v, TH,Q + (\/§m¢9")Wm®i) + h.c.)

+Lyin — <ﬂYulighthuQL + ybEhZQL + d_YdlighchQL + h.C.> + Liepton

2 Gl — 2 (Bl —md [l = m2, 0]

_ (Az?;;hqu + mhuha + h.c.)

+£hard + /v‘nonfren. (236)

This scenario was first emphasized and studied in detail in the context of full super-

symmetry in [40].

2.8.1 Naturalness

Expanding the soft gaugino mass term from superspace into components yields
couplings,

The D-term contributes mass to the real part of ¢; so that the total mass-squared
is mp, = 2(m3, + mj,), while the imaginary part has mass-squared of just m7. In
addition, the D-term generates a coupling of the real part of ¢ to the other scalars
charged under the related gauge group. For the case of Dirac gluinos, we obtain the
coupling £ D —v/2my, g3(6% + ¢2)(¢T°G), where T® are the Gell-Mann color matrices.

This provides a new correction to the stop mass-squared at one loop which cancels

66



CHAPTER 2. NATURAL SUSY: THE STORY BELOW 10 TEV

the logarithmic divergence found in eqn. (2.21)) [60]. eqn. (2.21]) is then replaced by

a UV-finite total correction,

2

2 _ 91y s (2.38)
t 371'2 mg

2 29§m

om

Taking the stop much lighter than the gluino and the scalar gluon (“sgluon”) to be
comparable to the gluino mass (the above logarithm ~ 1), and requiring naturalness

of the stop mass, yields

mg S dmy (2.39)

This implies it is natural to have gluinos above a TeV for stops as light as ~ 300
GeV. In such cases, it is sensible to remove the gluino and sgluons from the sub-TeV

effective theory, and from early LHC phenomenology.

2.8.2 R-Parity Violation

As advertized in section 2.7.5] Dirac gauginos are also important for the case
of lepton-number conserving RPV because they completely relax the stringent con-
straints from neutron-antineutron oscillations by allowing one to have a U(1) baryon
number symmetry. The trick is that this symmetry is realized as an R-symmetry in
the sense that different fields in a supermultiplet carry different charges. The charges

of the fields are given in table . One can then check that eqn. (2.36) and the RPV
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Boson ¢ | Fermion q
B 0| hu ~1
ha 1
qr s la 3
(ur,dr), (cr,sL) 3
R 5|tk —3
iy, dies S5 S Vi
leptons 0
A, 0] A 1
¢ 0 x ~1

Table 2.1: R-charges of particles in theory with eqn. (2.33) and Dirac gaugino masses.

couplings of eqn. respect such a baryon number R-symmetry in the absence of
the A term.

With baryon R-symmetry, neutron-antineutron oscillations are forbidden, even
when RPV couplings are sizeable, which raises the possibility that stops can be singly
produced at collidersf’] But we first have to ask if this is plausible in light of flavor
physics and CP constraints. A useful way to think of the new flavor structure of

RPV couplings of t% in natural SUSY is that they effectively make this antisquark

5Reference [61] discusses a model in which it is bg that is singly produced (at the Tevatron), and
in which neutron-antineutron oscillation placed important constraints. Dirac gauginos would also
loosen these constraints in this context. (Our flavor estimates suggest that br lighter than TeV is
disfavored, but perhaps this is possible with a more special flavor structure.)
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a “diquark”, even up to its baryon number. In this way, the general discussion and
constraints of flavor structure for scalars with dgdg diquark couplings given in [62]
applies to the natural SUSY setting here. In particular, [62] discusses the different
plausible hierarchical structures for such couplings and the mechanisms underlying
their safety from FCNC and CP-violating constraints. As is shown there, it is indeed
plausible for the f% to have order one couplings to light quarks, and therefore be
singly producedE]

Baryon-number R-symmetry, by forbidding the A-term, also makes for an inter-
esting signature for pair-production of G, since they can no longer mix with %, after
electroweak symmetry breaking. These squarks do not directly couple to quark pairs,
unlike ff%, which means that each ¢ will decay into two third generation quarks plus

a quark pair.

2.8.3 Electric Dipole Moments

With the baryon R-symmetry as described above, it is straightforward to check
that all the soft SUSY breaking parameters can be made real by appropriate rephasing
of fields in eqn. . Therefore there are no new CP-violating contributions to
electric dipole moments from this Lagrangian. However, as discussed in section [2.6]
we should more realistically add third-generation flavor-changing corrections to any

such Lagrangian, which can contain new CP-violating phases. However, as discussed

6A similar analysis is possible for (non-R-symmetry) baryon-number preserving RPV and loos-
ening the constraints from lepton-number violation tests such as neutrinoless double-3 decay.
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there these new terms will be suppessed by O(e?). In this way, we expect non-
vanishing but highly suppressed new contributions to EDMs. These observations for

natural SUSY are closely related to the observations made in [60}63}64].
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Chapter 3

Natural SUSY at the LHC

In this chapter, we will discuss the phenomenology of natural SUSY at the 7 and
8 TeV LHC, and argue that some part of the parameter space has thus far eluded
detection. In section [3.I} we focus on the light subsystem of stops, a sbottom, and
a neutralino with R-parity, in order to probe collider bounds as of 1/fb’s worth of
data. We find LHC bounds as of 1/fb at 7 TeV are mild and large parts of the
motivated parameter space remain open. We also make brief remarks about other
phenomenological regimes of natural SUSY.

In sections through [3.5] we discuss collider signatures of natural supersymme-
try with baryon-number violating R-parity violation. We argue that this is one of
the few remaining viable incarnations of weak scale supersymmetry consistent with
full electroweak naturalness. We show that this intriguing and challenging scenario

contains distinctive LHC signals, resonances of hard jets in conjunction with rela-
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tively soft leptons and missing energy, which are easily overlooked by existing LHC
searches. We propose novel strategies for distinguishing these signals above back-
ground, and estimate their potential reach at the 8 TeV LHC. We show that other
multi-lepton signals of this scenario can be seen by currently existing searches with
increased statistics, but these opportunities are more spectrum-dependent.

The work in this chapter is borrowed from the author’s work in [4,/5], and the
research was performed in collaboration with Raman Sundrum, Andrey Katz and
Scott Lawrence. The reader should further note that this chapter is to be read from a
historical perspective, and so more modern searches and search strategies performed

on 20/fb’s worth of 8 TeV data are absent from this thesis.

3.1 Collider Phenomenology of R-Parity

Conserving Natural SUSY

In this section we will demonstrate three things:

1. After ~ 1/fb LHC running, there are analyses that put non-trivial constraints

on the motivated parameter space of natural SUSY.

2. Nevertheless, very large parts of the parameter space, fully consistent with

electroweak naturalness, are still alive.

3. The most constraining searches for natural SUSY, so far, are not always those
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optimized for more standard SUSY scenarios.

While natural SUSY has many interesting experimental regimes, we will not at-
tempt a complete study in this chapter. Rather, we will focus on the simplest natural
setting, and do enough of the related phenomenology to make the points (1 — 3)
above.

The central consideration for natural SUSY phenomenology is the great reduction
in new colored particles, squarks, compared with standard SUSY scenarios. In natural
SUSY we keep just the minimal set of superpartners below TeV needed to stabilize the
electroweak hierarchy. This has the effect of lowering the new physics cross-sections
substantially. Furthermore, in standard SUSY settings one typically entertains higher
superpartner masses than is technically natural, partly a result of renormalization
group running of super-spectra from very high scales, and partly in order to radiatively
raise the physical Higgs boson mass to the experimentally measured value. In our
bottom-up natural SUSY, with less UV prejudice, we have only tried to constrain
the spectrum from the viewpoint of naturalness and the little hierarchy problem. As
we have seen, other mechanisms for raising the physical Higgs mass work well within
natural SUSY. Therefore, we favor the regime where stops are lighter than 500 GeV,
while gluinos may be so heavy as to be irrelevant in the early LHC. The decay products
of lighter stops in natural SUSY can easily fail to pass the harsher cuts on missing

energy and jet energies used in searches optimized for heavier superpartners.
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In the following subsection, we will study in detail collider constraints which one
can put on the most minimal scenario, namely light stops and sbottom (predominantly
left-handed) with a neutralino at the bottom of the spectrum. We will briefly review
the Tevatron constraints on this scenario and further analyze the constraints arising
from LHC data at £ ~ 1 fb~!. In the subsequent subsection we will survey other
variations, but will not go into details. We leave this to later in the chapter and to

future work.

3.1.1 Neutralino and Squarks

In this section we will simplify considerations even further to the effective theory
of eqn. , where we have just a bino LSP lighter than the squarks. The neu-
tralino might more generally be an admixture of several neutral gauge eigenstates,
but phenomenologically this is not very relevant; the neutralino is simply a way of
invisibly carrying off odd R-parity from colored superpartner decays. The bino is a
good proxy for such a general neutralino. In the remainder of this section, we focus
on the collider phenomenology of eqn. ([2.29).

One further simplification we make is to take the stops and sbottom to be roughly
degenerate. If there is no substantial left-right mixing, this is a very good approxi-

mation in the left-handed (LH) sector. The mass difference between the LH stop and
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sbottom is given by

(3.1)

Since this splitting comes from SU(2) x U(1) D-terms, it is proportional to the mass
of the W. Usually if the splitting is dominated by D-terms, one gets that m; > my.
This might suggest that one should also consider a decay mode b — W®E. However
this would imply a three-body decay, which is therefore highly suppressed. More
importantly, stop decay modes t — W®h can become competitive with other stop
decay modes, if it is forced to proceed through an off-shell top. However this can
happen only if the left-right mixing between the stops is large, and we will neglect
this possibility further.

Before considering the LHC, we should note several DO searches which directly
address this scenario. The first relevant search looks for b-jets +F; [65]. This search
constrains the sbottom mass to be higher than 247 GeV if the neutralino is massless.
The constraints become weaker if the neutralino is heaver, but unless there is an
accidental degeneracy, the lower bounds on the sbottom are still around 200 GeV.
Another search of DO looks for stops, which are pair-produced and further decay
into b [ + ;- (where this decay mode is assumed to have 100 % branching fraction).
The most updated search used events with opposite flavor pairs [66]. This search
also bounds the stop mass at 240 GeV if the neutralino is massless and for massive
neutralino (without any accidental degeneracy with the stop) the bound is of order

200 GeV, depending on the neutralino mass.
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CDF has a more elaborate search, where it looks for t¢ + F. This search was
performed in monoleptonic [67] and hadronic [68] channels. The bounds one can put
on production cross sections from these two measurements are comparable to each
other, but too weak to constrain natural SUSY with its small squark cross section.ﬂ

Now let us turn our attention to the LHC searches. As we will see, the bounds
from the LHC are not very stringent (partly due to an insufficient number of dedicated
searches). This is in part because, with the exception of an ATLAS top-group search
for tt + Fr (which we will discuss later), there are no dedicated searches for this
scenario. However there are several general searches, which can be sensitive to the
stop/sbottom /neutralino subsystem we are studying here. We explictly considered

the following list of searches:

1. jets + Fr (including simple f; search and an ag search) [70,/71]
2. jets + P with b-tag [72.[73]

3. lepton + jets + Fr |74

4. OS dileptons + jets + Erp [75)

5. lepton + jets with b-tag + . [76]

In order to estimate the bounds on our scenario, we simulated events and checked

!Hereafter we do not consider a mass range of stop below 200 GeV, where the stop mostly decays
off-shell. This intriguing possibility is not yet excluded, and the reader is refered to [30,/69].
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Figure 3.1: Exclusion curves for our minimal model, eqn. (2.29)), from three relevant
searches as a function of masses for squarks and neutralino. We assume roughly
equal masses for all three squark species, two stops and a sbottom. The green line

represents exclusion by ap search, the blue line is an exclusion by M+ search and the
red one is exclusion by tf + J1 search.

the acceptances within the channels listed abovef] The events were generated and
decayed with MadGraph 5 [80] and further showered and hadronized with Pythia
6 |81]. The events were reconstructed with FastJet-2.4.4 [82]. We calculated all the
NLO cross-sections with Prospino 2 [83] and reweighted all the events appropriately.
We ran each spectrum assuming that the mass difference between the stops and
sbottom are negligible. Given the mass difference, eqn. , this is not a bad
approximation. (One can of course play with the mass difference between #;, and #p,

still keeping the spectrum natural, but we did not perform this study.)

2Whenever both ATLAS and CMS have performed closely overlapping searches, we have con-
sidered just the CMS representative. The relevant ATLAS searches are [77,/78]. We also did not
explicitly simulate an additional CMS jets + ' search which takes advantage of the mys variable [79],
since it is not expected to have a good acceptance in our case.
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Figure 3.2: Exclusion of a single sbottom due to jets + J, search as a function of a
sbottom and neutralino masses.

We find that all the searches listed above, except searches for jets + £, do not put
any interesting bounds on the subsystem that we are discussing here. The searches in
leptonic modes put extremely harsh cuts on the Hp of the entire event, and therefore
easily miss the stops in the range between 200 and 400 GeV, while the cross sections
in the higher mass range are far too small. Unfortunately, the ATLAS search for
jets +1 + b—tag + B [76] also does not add interesting constraints, mostly because
it is tuned to detect (or exclude) gluinos above 400 GeV which further cascade-
decay to bottom, top and neutralino. The jets + P searches indeed put interesting
constraints on our stop/sbottom/neutralino subsystem and we show our bounds in

Fig. [3.1] We found that more than half of all the relevant events which contribute

3This search claims that it looks for events with 4 b-jets with lepton and [, however demands
only a single b-tag in the event selection. One can probably put more interesting bounds by de-
manding more than one b-tag.
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to the exclusion come from sbottom production and decays. In fact, even a single
sbottom without any stops would be excluded all the way to 300 GeV with the same
searches for massless neutralino. For more general neutralino mass the single-sbottom
exclusion plot appears in Fig. 3.2 By comparison, the same searches put no bounds
on a single stop (or even both stop species), due to extremely bad acceptance in this
range of masses.

This, however, does not conclude the full list of searches. There is an additional
search by ATLAS, which looks precisely for t£ + £ in a monoleptonic channel [2].
This particular search puts almost no bound for production of a single species of stop,
but the picture is different when we have both stops roughly degenerate (with double
the production cross sections). We show the final exclusion plots on Fig. , where
the exclusion due to tf + J search is given by the red curve. On Fig. we show
the ranges excluded by this search if we split the masses of the stops (neutralino mass
is assumed to be zero). Note that this exclusion is comparable to the exclusion one

gets with the jets +H, search.

3.1.2 Overview of Some Other Possibilities

3.1.2.1 Gluinos

Because of their large color charge and the high multiplicity of their decay prod-

ucts, the biggest phenomenological consideration for the 7 TeV LHC is the presence
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Figure 3.3: Exclusion curves for two stops with different masses from the ATLAS
search for tf + 7 in monoleptonic channel [2] . The neutralino mass is assumed
to be zero. Note a narrow band between 250 and 290 GeV for the first stop which
is excluded even when the second stop is very heavy. This is the region where the
sensitivity of the search is maximized.

or absence of gluinos below a TeV. Production cross-section grows significantly as
gluinos are taken below 1 TeV in mass, and gluinos decay exclusively into the third
generation squarks. This scenario has been studied both in cases when the gluino
decays into a sbottom (see abovementioned searches for jets plus £ with a b-tag) or
into a stop [76]. However, there are reasons to believe that a monoleptonic channel
with one b-tag, which was used in the ATLAS search is not optimal. The model of
gluinos decaying exclusively to stops was carefully studied in [26] and it was found
that with luminosity of 1 fb~! gluinos up to 650 GeV can be discovered, if one takes
advantage of a few competitive channels, like same-sign dileptons, multileptons with

or without b-tags (and sometimes multiple b-tags).
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3.1.2.2 Collider-Stable Squarks

One can also consider the very simple scenario with ¢, tz and b, at the bottom of
the superpartner spectrum. With R-parity, the lightest scalar (either stop or sbottom)
is stable. We should of course assume that it decays at some point (for example it
can decay into a gravitino, or through some tiny R-parity violating coupling) in order
to avoid constraints from searches for ultra-heavy hydrogen atoms [84], but this still
allows squarks with cosmological lifetimes [85]. If this is the case,  or b should show
up as R-hadrons at the LHC. Recent bounds from CMS impose severe constraints
on this scenario if the lightest superpartner is a stop [86].@ Results of these searches
imply that a stable stop in the mass range between 100 and 800 GeV is excluded if its
production cross section is of order 1072 pb. Comparing these results to theoretically
expected production cross sections [87], we find that these cross-sections are expected
for a single stop with mass up to 600 GeV. However in our case, we should at least
multiply the cross sections by a factor of three (we have two stops and at least
one sbottom), rendering the bound to somewhat higher than 600 GeV. Therefore,
if one takes the little hierarchy problem seriously up to ~ 10 TeV, this scenario is

disfavored Pl

4Even though the authors of this paper do not interpret there results in terms of stable l~), there
is no reason to believe that this bound would be dramatically different.

SHowever, as noted in section the effective theory of eqn. is a useful departure point
for adding in RPV phenomenology.
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3.1.2.3 Neutralino and Chargino LSPs

A safer option is to consider the effective theory of eqn. (2.29), where we see
the Higgsinos providing natural neutralino/chargino candidates. If the neutralino is
the LSP, bounds on stable charged or colored particles are evaded. Of course, the
neutralinos and charginos may more generally be an admixture of several electroweak
gauge eigenstates.

In detail, the presence of a chargino as an NLSP makes a phenomenological dif-
ference, but we believe that it is less decisive in the present context. The difference
from the scenario described in section is that on top of the decay modes ¢ — ¢Y°
and b — bx" we have already considered, we will have competing modes b— tx* and
t — by*. Since we are mostly interested in the region of mass parameters where the
top-quark mass is far from negligible, we conclude that the decay mode b— tx* will
be mostly suppressed due to the phase space. Therefore, introducing the chargino at
the bottom of the spectrum will usually have a mild effect on sbottom decay modes
and the constraints which come from these decays (mostly jets plus £;). However
the stops decay modes will be altered compared to our discussion in section [3.1.1]
since the decay mode ¢ — by* is now phase space unsuppressed. The chargino will
consequently decay to the neutralino and W (maybe off-shell). Therefore, this will
look roughly similar to the decay modes of a regular stop, even though the kine-
matics might be different. If the chargino and neutralino are quasi-degenerate, then

the decay modes of stops very much resemble those of sbottoms, thereby effectively
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increasing the production cross sections for jets plus £ and making the constraints
somewhat more stringent then what we find in section [3.1.1]
While the above are reasonable deductions, explicit simulation is still required

when charginos are light. We again leave this to future work.

3.2 R-Parity Violating Phenomenology

In light of the current LHC bounds on R-parity conserving SUSY, it is difficult to
envision any other viable version of SUSY which is consistent with full electroweak
naturalness (that is, absence of EW fine-tuning). By contrast, we argued above that
natural SUSY easily evades the most stringent LHC constraints with integrated lu-
minosity £ ~ 1 fb™!, as also demonstrated in [3032]. Later dedicated searches for
R-parity conserving natural supersymmetry have appeared, better constraining par-
ticular spectra with [76] or without [88] light gluinos, however the natural parameter
space is still quite open.

Natural SUSY has an even wider significance, in that it beautifully illustrates
the general theme of how a “top-partner” can algebraically cancel destabilizing top-
quark radiative corrections to the Higgs potential. This relates it to the theory
and phenomenology of fermionic top-partners [89], appearing in non-supersymmetric
Little Higgs (see for review [90,91]) and Twin-Higgs models [92,/93]. In this sense,

light stop searches fit into the broader program of testing whether any top-partner
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is helping to stabilize the weak scale. The LHC is the first experiment in history
that can test naturalness on such a broad front, in a relatively comprehensive and
well-defined way. Either a discovery of such top-partners at the natural scale of a few
hundred GeV, or even their exclusion to high confidence, would constitute a significant
scientific finding. In the previous chapter, we have argued that for this grand and
challenging experimental undertaking, one should free the natural SUSY setting from
too much UV prejudice and anticipation, lest this lead to overlooking experimental
opportunities now and because UV considerations have not led to any sharp no-go
“theorem”. We have carved out a simple theoretical framework that facilitates this.
The remainder of this chapter will discuss important but widely overlooked signals
that follow straightforwardly from this perspective, as well as the combination of
methods that can separate them from SM background.

In particular, although most experimental searches for natural supersymmetry
have concentrated on the R-parity conserving case, we consider here the case of
(baryon-number violating) R-parity violation (RPV). The plausibility and attractive-
ness of this scenario was argued in the previous chapter from a number of viewpoints
and considerations (also see [94] and references therein for recent models of sponta-
neous RPV). The spectrum of RPV and R-parity conserving natural SUSY can be
quite similar. If the theory is completely natural we expect both species of stops and
at least the left-handed sbottom with masses of order ~ 400 GeV or lighter. Gluinos

can be naturally twice as heavy if they are Majorana fermions, and even heavier if
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they are (part of) Dirac states [60]. That is, we cannot guarantee the gluino to be
experimentally accessible in the near future. However, if we are lucky and Majorana
gluinos are light enough in RPV natural SUSY, they can produce spectacular signa-
tures in same-sign dileptons [95]. Here, we assume more minimally that the stops
and sbottom mandated by naturalness are the only accessible colored superpartners.

RPV is distinct from R-symmetry conservation because phenomenological viabil-
ity does not require a neutral superpartner to be at the bottom of the SUSY spectrum,
since superpartners are allowed to decay into SM particles. Therefore EW gauginos
can easily be heavier than the stops and the sbottom, having no significant impact
on the phenomenology.

Non-minimal Higgs degrees of freedom are subtler. Higgsinos are usually assumed
to acquire mass from the same “u-term” that also contributes to Higgs scalar poten-
tial. Higgs naturalness then requires Higgsinos not much heavier than ~ 200 GeV.
(However, in the previous chapter we argued for a bottom-up description in which
Higgsinos can be much heavier.) We will show in section that light Higgsinos
can remain relatively well-hidden in the RPV context. On the other hand, extra
Higgs boson degrees of freedom of SUSY can be heavier without compromising nat-
uralness. We therefore only keep the SM Higgs scalar in our study of stop/sbottom
phenomenology. Finally, there are by now stringent bounds on the SM Higgs mass,
and even tentative hints of its presence at ~ 125 GeV. Theoretically accommodat-

ing the Higgs mass in high-energy models has been an increasing challenge ever since
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LEP2, but there are certainly interesting ideas for doing this. By contrast, a 125 GeV
Higgs mass is straightforwardly accommodated within our bottom-up natural SUSY
framework, deferring the full UV description of physics lying outside experimental
reach. In particular, we do not restrict stop/sbottom masses by their radiative con-
tributions to the physical Higgs mass, since there may well be other contributions
from unknown heavier sources.

Collider signatures of RPV SUSY are largely dictated by the detailed structure of
RPV interactions, which cannot be anarchical (for a review see [56]). Either baryon
number or lepton number should be conserved to avoid prompt single proton decay.
While lepton number violation (LNV) is interesting by itself and deserves more study,
it has already meaningful constraints from the LHC, since it mostly leads to leptons
and taus in the final states, which are relatively easy to spot. Baryon number violation
(BNV) is experimentally more challenging than LNV, resulting in jetty final states and
suffering from enormous QCD and ¢t backgrounds. We will focus on this challenging
scenario of two stops and a sbottom at the bottom of a BNV SUSY spectrum. Not
only does this fill a gap in SUSY searches, but it also shares several features with,
and insights into, other top-partner searches. This spectrum was considered earlier
in [61] in the context of the CDF “Wjj anomaly” [96]. Although the anomaly was
later refuted by DO [97], as well as by a similar CMS search [98], this paper was an
important step in understanding of collider signatures of the minimal spectrum. Here,

we will elaborate on several points briefly touched on in [61], broaden the motivations
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and scope, and detail new search strategies.

A particular difference with [61] is that we will assume that BNV is governed by
small couplings and therefore we will neglect single-resonance production of super-
partners, concentrating on pair-production. Such smaller couplings make the theory
more straightforwardly safe from low-energy precision data. We will argue that it is
theoretically very plausible that a stop is the lightest superpartner, which can decay
into a pair of jets. Needless to say, by itself this is an extremely challenging signature,
given relatively small production cross sections and absence of any “interesting” fea-
tures in the event, e.g. leptons or missing transverse energy (MET). However, one can
take advantage of production of the heavier sbottom and stop which further cascade
decay into the lightest stop, emitting W, Z and/or higgs (on- or off-shell) along the
way. These events are more promising, because they can potentially contain leptons
and MET. Nonetheless, existing cut-and-count searches are not optimized for signa-
tures like this and generally overlook them. They do not take advantage of the most
important qualities of these events: hard jets reconstructing a pair of resonances, in
conjunction with leptons and/or MET which is relatively soft compared to the top
quark background.

We will substantiate these claims, and use them to craft a search strategy for the
most promising and robust of these cascades. We will show that the backgrounds
are under control and /s = 8 TeV LHC can have a good reach for these events.

We will also discuss other channels, which can be promising, but where the back-
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grounds are not easy to estimate with theoretical tools. The alternative possibilities
for the lightest superpartner, a sbottom or Higgsino, are also plausible but even more
phenomenologically challenging, and we defer their consideration from this thesis.
The chapter is organized as follows. In the next section we review the BNV RPV
natural SUSY scenario and reduce it to its most LHC-relevant features, thereby ar-
riving at a useful “simplified model”. In section we study the various “charged
current” (W) channels and relevant backgrounds, and roughly estimate which of these
channels is viable. In section we perform explicit simulations of signal and back-
ground in the most promising of these channels and discuss cuts (which are quite
different from standard SUSY searches) in greater detail. In section we briefly
discuss “neutral current” (Z,h) cascade decays between stops. While getting a sub-
stantial number of these events is only possible in a subset of stop/sbottom/higgsino
spectra, they can be quite spectacular, and indeed the multi-lepton CMS search [1]
already has an appreciable sensitivity. They remain an exciting discovery channel for

the future with more statistics. Finally in section we conclude.

3.3 Reduction to the RPV Simplified Model

3.3.1 Spectrum

As we argued in the previous chapter, the only superpartners robustly required by
naturalness to lie under 500 GeV are (in EW gauge basis) the iz, G, = ({1, bL) stops
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and sbottom, and hy, kg higgsinos (if their mass arises from a p term). Along with
a SM Higgs boson h, we shall consider these the only new particles substantially
accessible to the 7 — 8 TeV LHC with moderate luminosity.

Colored superpartners have strong production cross-sections, which suggests that
we focus our searches on them. As can be seen in table [3.1] even these strong cross-
sections peter out for squark masses above 500 GeV, so that the natural regime for the
spectrum is also our only hope for direct visibility. We will argue that light higgsinos
are typically a complication in these searches, either mild or major depending on
the spectrum, but rarely do they present a spectacular new opportunity. For now
we simply neglect them, but return at the end of this section to better justify this
position.

The gauge-basis squark states are non-trivially related to the mass-eigenstates
after EW symmetry breaking, due to two effects, the splitting of #;, from by, and the
mixing of ¢;, and tz. The first of these effects is given by the sum of F' and D term

potentials,

2 2 2
my _ myysin”

(3.2)

mi, — mZ;L ~ B B B :
my, +mg o my +mg,

The t;, — t» mixing arises from a possible SUSY-breaking A-term, Af‘j%hu(jL. This
results in mass eigenstates {1 and f, (with m;, < mg, by convention) related to the

gauge-eigenstates by an angle #;. Combining these effects, the sbottom is either the

middle or the lightest of our squarks. We focus on the former case, with a spectrum
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fy — b — t;. Note also, that even though the mass splitting between b and #; is
essentially a free parameter, it cannot be too big if we play by two rules: (a) we keep
the lightest squark heavier than the top quark, which would otherwise change the
phenomenological possibilities, and (b) keep the spectrum natural and production

cross-sections for b appreciable by not making it too heavy.

3.3.2 Couplings

The central novel interaction being considered is the BNV RPV coupling,

"

N
LD Z”t%d‘j.{ ds) + h.c. (3.3)

enabling stop decay to SM quarks.

The exact flavor structure of these couplings is constrained by a variety of low-
energy flavor and precision tests. From the viewpoint of LHC visibility the central
issue is whether the quarks in the dominant BNV couplings carry heavy flavor (bg
quarks) or not. We have argued in the previous chapter that in either case, low-energy
constraints can be satisfied within quite plausible UV flavor paradigms. Relatedly, in
the case where all three generations of squarks are present, suitable flavor paradigms
have also been studied in [99,/100]. We shall therefore consider two cases for stop
decay to quarks via BNV: (a) one b quark and one light quark, and (b) two light
quarks.

We will always consider the generic possibility that there is at least modest non-
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vanishing A-induced mixing, such that both ¢, 5 inherit BNV couplings to quarks via
their ¢z component. Similarly, they both have weak couplings to the sbottom via
their £, component. Furthermore, mixing also leads to #$t,Z and #$tyh couplings,
determined by the A-terms and mixing angles. We assume small BNV couplings,
Az;; < 1, so that in general squarks will only decay through such interactions if decay
by W, Z or h emission is kinematically suppressed, as for example is obviously the

case for t; (which, recall, we are considering as the lightest superpartner).

Since A3;; < 1 is the most straightforward way to comply with low-energy con-
straintsﬁ it is important to ask how small these couplings can be without resulting in
displaced vertices at the LHC from a long ¢, lifetime. In order to not have a displaced

vertex, we need ¢/I" to be less than about 1 mm. The expression for the distance

traveled before decay by a pure tx particle (ignoring mixing) is

L ~ (1 mm) (302]26\[) ((2'5: 122;7)2) (3.4)

Thus, for 300 GeV squarks, we need \” to be roughly bigger than 2.5-107". If the
BNV couplings are smaller than this bound, we will have events with jets emerging
from displaced vertices, which can further help discriminate against background. We
will tackle the more challenging case in this chapter, by assuming that the BNV

couplings are strong enough that ¢; decays are prompt.

6 Although one can easily satisfy low-energy constraints with \j; ; <1, there is still a concern that

BNV can wash out the cosmological baryon asymmetry, if this is generated in the early Universe.
One can try to turn this into a mechanism for actually generating the baryon asymmetry below the
EW scale [101H104]. A new robust approach can be found in [105].
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3.3.3 Higgsinos

We are now in a position to understand how higgsinos might affect the LHC
physics. We have discussed how the spectrum of squarks can be produced and then
cascade decay by EW boson emission, with a final prompt BNV decay to quarks.
Higgsinos of comparable mass to the squarks allow these steps to potentially be
bypassed, by opening up alternative squark decays to higgsinos.

The simplest case would be if the higgsinos were even a little heavier than the stops
and sbottom. Since direct EW production has substantially lower cross-section, such
higgsinos would be phenomenologically irrelevant. But if the higgsinos are lighter
than the heaviest stop, then ¢, decays via EW emission or BNV can be substantially
degraded by decay to H*b. (The alternate decay to H°% is likely to be phase-space
suppressed.) In turn, H* will decay (via f; and BNV) to three jets. In this way,
the higgsinos will degrade events with leptons from (possibly off-shell) W, Z, and add
events with extra b jets. This is the basic complication we alluded to earlier: higgsinos
can force us to look in multi-jet events, without spectacularly high pr, with resonances
obscured by combinatorial background, and with only the handle of several b jets.

But fortunately, the higgsinos can easily not degrade sbottom decays even if they
happen to be lighter than the sbottom but heavier than the lightest stop, because
the only sbottom decay to higgsinos (for small bottom Yukawa coupling) is to Ht,
which is likely highly phase-space suppressed. Unfortunately if the Higgsinos are at

the bottom of the spectrum they will be produced in abundance in #; — bH* decays.
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This decay mode does not affect the W production but complicates the resonance
reconstruction from the jets. This is one of the reasons that we focus on sbottom
charged current decays in this chapter: the phenomenology of sbottom — W )¢, is
largely “immune” to higgsinos if they are not the lightest SUSY particles.

We proceed by dropping higgsinos from the discussion as part of arriving at our
simplified model of stops and sbottoms in sections and [3.5] As discussed above,
this will only modestly affect our central channel of shottom production and cascade
decay, and is the best case for the other channels (but dependent on the spectrum).
We will return however to the possibility of Higgsinos in the spectrum in section
since higgsinos can easily dramatically reduce the contributions of the neutral current
decay t, — Z™t,. In particular the higgsinos can suppress a yield of neutral current

decays in an otherwise spectacular multilepton channel.

3.4 Signals and Strategy of Search

One finds the highest production cross sections for the lightest particles, which
would imply in our case a search for pair-production of the lightest stop with subse-
quent decays into four jets. However a search for resonances in 4-jet events is very
challenging at the LHC [106], because it has to deal with a big uncertain QCD back-

ground, and even the multijet trigger is probably not 100% efficient in this casel]

TAn analogous search for resonances in 6-jet events [107] has a better reach, but it is relevant
only for light gluinos in an RPV spectrum.
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Therefore it is fruitful to concentrate on longer cascades, which involve Higgs or EW
boson emission (either on- or off-shell). This means we consider production of heavier

states, l~), t, and subsequent transitions

b— WWE, & — ZW8, & — hWE (3.5)

While the first process in eqn. is fairly robust, the branching ratio of the
two other processes is model-dependent. The relative rate between the second and
the third process in eqn. is determined by the couplings of the stops to Z and
h and by phase space effects. While the neutral current decays can have spectacular
multi-lepton signature (see Sec. for a detailed discussion) it might also happen that
the second stop’s mass is between 400 and 500 GeV, rendering the production cross-
section tiny (see Table . Moreover most of the spectacular signatures come from
the decays into Z rather than the Higgs, though it would be very nice to eventually
observe the Higgs in these new physics processes. We might however find ourselves in
the situation that the mixing angle between the stops, ; is large and Higgs transitions
are preferred. Therefore, it is fair to say that the charged current transition is the
robust and spectacular channel at the 7-8 TeV LHC and we will give it most of our
attention.

Before we continue with a detailed analysis of the cascade decays, we note that the
table pair-production cross sections for stops were calculated at the NLO with
Prospino 2.1 [83]. Sbottom production cross sections are usually slightly bigger
due to electroweak corrections. These numbers will further help us in our numerical
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m = 230 GeV

m = 250 GeV

m = 270 GeV

m = 300 GeV

m = 400 GeV

m = 500 GeV

8.3 pb

5.3 pb

3.4 pb

1.9 pb

0.34 pb

0.08 pb

Table 3.1: Pair production cross sections for stop at NLO for center of mass energy
Vs = 8 TeV. Shottom production cross-sections are very similar, slightly bigger
though due to electro-weak effects.

estimates.

Charged-current b — W1 transitions with a subsequent RPV decay of the stop
into two jets were first addressed in |61 in the case of resonant production of sbot-
tom. (Pair-production was also briefly considered, but was not the primary focus.)
Although resonant production is not categorically excluded by the bounds on RPV, it
requires strong enough BNV to raise FCNC and n — n oscillation concerns. However
we focus on pair production with RPV decay mediated by couplings which can be
much smaller than one, and therefore safer from low-energy tests.

In this case the most spectacular signature shows up when both Ws decay leptoni-
cally, leading to a signature ["1~jjjj + Hr, where the jets reconstruct two resonances
with equal masses (see diagram in Fig . What should be our search strategy
for these events? Performing cut-and-count search on events which reconstruct reso-
nances is probably not ideal. However we can try to reconstruct resonances with the

following steps:

e Find events with 2 isolated leptons and moderate Fp (the latter should be

non-zero to remove the background from DY dilepton production).
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Figure 3.4: The sbottoms are pair-produced and undergo charged-current decay.
When both Ws (either on- or off-shell) decay leptonically, they leave a spectacu-
lar signature of two leptons + jets, which reconstruct two equal-mass resonances. We

analyze this signal in Sec. and .

e Cluster the jets with sufficiently big radius (otherwise there is a danger that
we lose the hadronic activity which reconstructs the resonance and thereby get

edges instead of peaks).

e If the event contains 4 jets (or more), try all possible pairings between the
jets, and pick up the combination which minimizes the difference between the
reconstructed invariant masses. Discard the event if the minimal possible mass
difference is too big. This step is essentially identical to the standard multi-jet

resonances search [108].

Unfortunately our events with 2 leptons, MET and multijets have an appreciable
background, on top of which we are looking for our bumps. This background is

heavily dominated by dileptonic ¢t (including I7; decay modes). One can show that
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[Py of the leading lepton in signal and background samples | ET" distribution in signal and background

e

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

0 L ! 1 L I S I
20 40 60 80 100 120 140 160 180 200 50 100 150 200 250
1

p 1) Ep's

0.08

0.06

Normalized rate
Normalized rate

0.04

0.02

Figure 3.5: Leading lepton pr and Hp distribution in signal and background events.
Light red and dark red curve stand for the signal spectra 1 and 2 (see Table |3.2)).
The blue line represents the distribution in dileptonic ¢¢ background and the violet
line represents the I7; background (which we simulate separately since it has slightly
different kinematics). See Sec. for details of simulations.

with an adequate choice of cuts all other backgrounds (Z — 77, + jets, DY dileptonic
production with jets, WW + jets) are highly subdominant to t¢, and we will discuss
it in more detail in the next section. Production cross section for dileptonic ¢t exceeds
our signal by two orders of magnitude, and even though the extra jets in these events
do not come from resonances, reconstructing “by accident” two pairs of jets with
similar invariant masses is common. The above mentioned steps, plus standard cuts
for the overall hardness of the event, are still not enough in order to see clear bumps
on top of this continuous ¢t background after /s = 8 TeV run. We therefore use
other, less standard discriminators to distinguish the signal from the background.
There are two additional important features which distinguish our signal from the
background. Usually in a dileptonic ¢t event, hardness of the entire event correlates
with the hardness of the leptons and the Hr. This happens because the W is often

boosted in the rest frame of the decaying top. However it is not the case in the signal.
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As we have explained in Sec. [3.3] naturalness and visibility motivate mild splittings
between the stop and the sbottom, usually so small that they do not allow emission
of the on-shell W. Even if emission of the on-shell W is allowed it typically has little
boost in the rest frame of the decaying sbottom. This results in relatively small pp (1)
and Fr even if the event overall is very hard. We demonstrate the distribution of Fr
and the transverse momentum of the leading lepton in signal and background events
on Fig. . This immediately suggest that just cutting on the tail of high Fp and
high pr(l1) should be a decent discriminator between the signal and the background.
We checked it explicitly and it indeed removes a fair portion of the background. We
will use a refined version of this discriminator below.

It turns out one can do even better than just cutting on a high Fr and high py ()
events. As we explained, the key feature of the ¢ events is that usually the leptons

and the Hr are correlated with the hardness of the event, or Sr defined as

Sr =y pr(i) + Y pr(le) + Hr . (3.6)
i k
On the other hand in the signal events these quantities are mostly uncorrelated. For

this purpose we define the following variables:

pr(h) _ &
ST v Tey = ST . (37)

r =

One should also prefer using these variables rather than Fr, pr(l;) because they are
dimensionless and therefore cutting on them we do not introduce an explicit scale to
the problem. We expect these quantities in the signal events to be in general small.
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Figure 3.6: Distribution of r; (on the left) and rp, (on the right) as defined in
eqn. . Light red and dark red curves stand for the signal spectra 1 and 2 (see
Table , blue curve represents the dileptonic background and violet represents I7;
background. See Sec. for details of simulations.

We plot these variables for signal and background events in Fig. [3.6] and it follows
this expectation. Moreover, we see that r; and rg, are slightly less dependent on the
particular spectrum than pr(l;) and Hy. In the next section we show that using this
strategy together with the cuts on variables we will have an excellent reach after
the /s =8 TeV, £ =20 fb~! run.

To summarize, the dileptonic channel is an excellent channel for the charged cur-
rent decays. We will elaborate on a feasibility of this search explicitly and make more
comments on the background behavior and shapes in section [3.5

Finally we briefly comment on semileptonic and all-hadronic decay modes. The
latter will probably be very hard to utilize, since it just results in multijets (up to
8 or even more) events without any evident handles like isolated leptons or missing
Er. In the semileptonic search one has signal events with isolated lepton, moderate
Hr and at least 6 jets, typically resulting in small Hr, high Hy events. We will not

try to elaborate on the feasibility of the cut-and-count search in this channel, because
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mg mg, o (bb*)

1| 250 GeV | 186 GeV | 5.7 pb

2 | 270 GeV | 189 GeV | 3.7 pb

3 | 300 GeV | 217 GeV | 2.0 pb

Table 3.2: Benchmark points for the charged-current decay search. The production
cross sections are given only for sbottoms .

evidently these searches are not optimal (they cannot reconstruct the resonances in
jetty channels, taking advantage of the most interesting feature of the RPV signal)
and basically already exist in some form both in ATLAS and CMS collaborations
(they do not yield any interesting bounds though). It would be interesting to see
though how the variables can be used in these searches to improve further the

reach and suppress the backgrounds.

3.5 Details of Event Simulations, Back-

grounds and Reach

To estimate the feasibility in dileptonic channel as explained in section we an-
alyzed three benchmark points points with masses presented in Table For the sig-
nal we simulated parton-level events with MadGraph 5 [80] for three signal benchmark

points given in Table and showered and hadronized them with Pythia 8 [109].
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Figure 3.7: Signal and background events for the benchmark point 1 after £ = 20
fb~!. Red represents the signal, blue the dileptonic t# background, violet is tt, I7
background and grey is tt, 7;7; background. On the LH side plot we do not impose
b-veto, while on the RH side plot we do. We conservatively assume b-tag efficiency
~ 40%.

We wrote down a tailored model in Feynrules |110] for MadGraph 5 to capture the
effects of the simplified model described in Sec.|3.3] For the background we simulated
the events in MadGraph 5 and showered with Pythia 6 [81]. In order to capture
correctly the effects of extra-jets (which are crucial for our analysis) we matched our
samples up to two jets with the MLM procedure at 55 GeV. Events were clustered
with FastJet 3 [82,[111]f]

Following the discussion in section |3.4] we reconstruct our events and impose the

following cuts:

1. Cluster all the hadronic activity with anti-ky algorithm, clustering radius R =
0.7. Relatively large clustering radius is dictated by the fact that we are looking
for the resonances, and smaller radius usually leads to losing relevant hadronic
activity. The clustering radius is not optimized, but radii of order R ~ 1.0 are

likely to be the most adequate.

8Detector effects are neglected, but the results are sharp enough to survive full treatment.
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2. Demand precisely two isolated leptons (carrying more than 85% of the pr in
the cone around the lepton with radius R = 0.3) in each event. We demand
pr(li) > 20 GeV and pr(ls) > 10 GeV | The leptons should have |n| < 2.5. We
discard the event if the leptons have same flavor and 81 GeV < my < 101 GeV

to remove the background from Z + jets events.

3. Demand that the event is sufficiently hard, S; > 400 GeV as defined in eqn. (]3.6|)

and Hr > 35 GeV.

4. Require four or more hard jets in the event with pr(j4) > 30 GeV. This require-
ment is natural since we are trying to reconstruct two resonances of ¢;, which

both decay into two quarks.
5. Using the variables in eqn. (3.7), demand 7, < 0.15 and r; < 0.15.

6. Try all possible pairings between four leading jets, and pick up the combination
which minimizes the difference between the reconstructed invariant masses. Dis-

card the event if the minimal possible mass difference is bigger than 10 GeVH

9The logic of the cut on the pr of these leptons is dictated by trigger demands. Unfortunately
the trigger information is not public. However relying on the logic of v/s = 7 TeV run, we hope that
the events with these leptons should be triggered on with sufficiently high efficiency, namely more
than 90% [1]. Parenthetically we notice that if the threshold on the pr of the leading lepton can be
lowered, the results that we performed can be further improved. Moreover, some of the events can
be triggered on because they have sufficient Hy or 4 or more sufficiently high-pr jets. We do not try
to take into account the events which do not pass these lepton requirement, however lots of them
can be “salvaged” since they pass other triggers and the ideal search will have to combine several
different triggers.

10These cuts are not optimized, but it is also not very different from 7.5% of the resonance mass
which was used in [106] . We explicitly checked our results with respect to variation of this cut.
The results are rather stable as long as this cut does not exceed ~ 25 — 30 GeV. We leave further
optimization of these cuts to the experimentalists as it is also going to be affected by jet energy
resolution.
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Figure 3.8: Signal and background events for the benchmark points 2 (up) and 3
(down) after £ = 20 fb~!. Red represents the signal, blue the dileptonic ¢t back-
ground, violet is tf, 7, background and grey is tt, 7;7; background. On the LH side
plot we do not impose b-veto, while on the RH side plot we do. We conservatively
assume b-tag efficiency ~ 40%.

If the event has five or more jets with pr > 25 GeV, try all possible pairings
of two and three jets. If we get better results when taking the fifth jet into ac-
count, use the best combination which minimizes the mass difference between

the reconstructed objects.

7. Look for resonances in the reconstructed dijet invariant mass.

Before we present the results of our simulations we discuss the backgrounds to
our analysis. Clearly the most formidable background is dileptonic t¢ (also including
the leptons coming from leptonic 7 decays). Naively, one could also worry about

Z — (mm) + jets, as well as DY [T~ production and WTW =+ jets. We do not
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simulate these backgrounds and we rely on experimental results which found these
backgrounds negligible to ¢t with the cuts which were very similar to ours. First,
it was shown in [112] that the background Z — (77;) + jets becomes completely
negligible to ¢t when the third hard jet is required in the event. We also see from
Table 1 in [112] that the DY background is subdominant to ¢¢ at least by factor of
5 after requiring at least two hard jets and Fr > 35 GeV. However we demand four
hard jets in our events, which is supposed to decimate the DY dileptonic production
and render it completely negligible to tt. Therefore we will further concentrate on
tt + jets as the dominant background to our signal, and neglect the subdominant
channels.

Since we are looking for bumps in the dijets invariant-mass distribution, it would
first be helpful to understand what effects our cuts have on the backgrounds and
how they shape the background distribution. Not surprisingly, before all the cuts
m;; in the background is a smoothly falling distribution which is peaked around
50 GeV (this peak is carved by our demand from each jet to have pr > 25 GeV.
Further demands on hardness of the event move this peak to significantly higher
values of masses. For example a cut on Hy = ), pr(j;) > 400 GeV (which does
a reasonable job with suppressing the backgrounds) moves this peak to the vicinity
of 200 GeV, which is uncomfortably close to the mass scale where we are looking
for our resonances. Cuts on the Sy and the pr of the softest necessary jet have a

similar effect, therefore we choose the cut in points (3) and (4) discussed above to be
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relatively moderate (one could choose way harder cut which would still remove more
background than signal events, for the price of moving the peak of the background
distribution to higher masses). On the other hand, cuts on rg, and r; in point (5) do
not have this effect, they relatively uniformly discriminate against background from
all the invariant masses (as this distribution have already been shaped by Hp, St
and pr(js)). Note also, that this terrain of models is still relatively unexplored and
the new physics can hide at very low masses. It is very natural to expect that the
lightest stop has a mass of O(200 GeV) or even lighter. Therefore we emphasize that
given a choice of cuts, one should always prefer harsher cuts on rg, and r;, preferring
as mild as possible cuts on “hardness variables”, namely Fr, Hr, St,pr(j). This
approach is ultimately dictated by our attempt to avoid carving spurious bumps on
the background distributions.

Armed with this understanding of the background behavior we turn to the actual
analysis. For this purposes we assume the NLO ¢t production cross section at /s =
8 TeV to be 205 pb (this result is taken from MCQ@NLO [113}|114] with default scale
choice). Practically, the cross section for ¢t production is going to be slightly bigger,
tallying up to 230 pb (from NNLL resummation) with O(10%) uncertainty [115,/116].
However we take NLO results to be consistent in our estimates comparing the signal,
which we know at the NLO, to the background. As we will see our results are strong
enough, that increasing the background moderately without changing the signal cross

section by no mean changes our conclusions. We present the results of our simulations
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Figure 3.9: Distribution of Sy (left) and invariant mass of two leading jets invariant
mass (right) in signal and background events. We use the benchmark point (3) for
these plots. Only dileptonic ¢t background is plotted. We use all the same cuts as in
resonance search ezcept the point (6). Using these distributions as discriminator in a
cut-and-count search will be at least very challenging.

in Figs.[3.7 and [3.8] In both cases we present the results with and without b-veto. As
explained in Sec. the lightest stop can have decay modes which either include a
b-jet or not. Since the dominant background is ¢, one can achieve much better reach
if the signal events contain only light quarks. In this case we perform b-veto which
further reduces the background, leaving the signal intact. The plots on the RH side
of Figs. and correspond to this picture. On the other hand, if the stop decays
to a b-quark + a light flavor, we cannot perform the b-veto (LH side plots), but the
backgrounds are still under very good control and one has a reasonable discovery
reach for all three benchmark points.

Finally, we briefly explain why our resonance search in this channel is much more
efficient than simple cut-and-count searches. One could naively expect that the dis-

criminators that we use to separate the signal from the background are sufficient for
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an easier cut-and-count search. This naive expectation is not true. To illustrate this
we plot in Fig. distributions of St and the invariant mass of the two leading jets.
We use all the same cuts as in our resonance-searching analysis except the step (6).
We see in Fig. that using a cut-and-count strategy will be, in the best case,
extremely challenging and will require detailed understanding of the normalization
of the background. Therefore we conclude that di-resonance search is the optimal

strategy here.

3.6 Brief Comments on Neutral Current

Decays

Until now we were very detailed in describing the searches for charged-current
decays. However the charged current decays reveal only part of the full picture. As
we explained in Sec. [3.3] in certain spectra the charge-current decay will dominate
the collider signatures, while in other spectra, the neutral current decays will leave
the most spectacular signatures (see processes (2) and (3) in eqn. [3.5). We will briefly
comment on these processes (see Fig. for a summary of diagrams) in the current
section, but we will be less detailed because as we will see the most important potential
discovery channel (the multilepton channel) is already considered by the CMS. Other
channels are not expected to be as strong as mutileptons and will mostly favor cut-

and-count strategy rather than resonance reconstruction due to the high multiplicity
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Figure 3.10: Neutral current decay processes which can be relevant for the most
minimal spectrum.

of jets.

In neutral-current decay events we have pair-produced heavy stops decaying into
their light partners emitting two Z’s, two Higgses, or one Z and one Higgs. Z’s can be
emitted either on- or off-shell, while Higgs decays are very unlikely to proceed off-shell
due to very strong bottom Yukawa suppression. Higgs decays are rarely spectacular,
the most important Higgs decay mode (assuming that its mass is ~ 125 GeV, as
current experimental hints suggest) is & — bb and the third important is h — gg.
If the heavy stop decays to the light one emitting two additional jets (b-quarks or
gluons) we get a very challenging event without any obvious handles, i.e. without
MET and/or leptons. The second important Higgs decay mode h — WW* (BR
bigger than 20%) and the fourth important (h — 77) are more distinctive, but the
resulting going rate of the higgs into two leptons (either through W or through 7) is
smaller than the rate of Z. Therefore we will mostly concentrate on neutral current
decays with the Z in final state.

Both Z’s decaying leptonically can probably be considered a “golden” channel,

even though the branching fractions are very small, ~ 0.5%. These rare but very
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spectacular events with up to four isolated leptons and lots of energetic jet activity
can be probed by multilepton searches. The backgrounds for these events from the SM
are extremely small and therefore even observation of few events can be considered
discovery (or, alternatively, even the benchmark points which are expected to yield
very few events in certain channels can be excluded).

To illustrate this point we explicitly compared a yield of three different benchmark
points with the results of analysis [1]. This CMS analysis is very special because it
has a very low pr threshold for the leptons (leptons, which are as soft as pr = 8 GeV
are considered, higher prs are required for trigger leptons though). The expected
yields of all three different points are presented in Table We also compare the
yields with the theoretical expectations and experimental results, which are quoted
from [1]. In all these points we assumed, for simplicity of estimation, 100% branching
ratio for £, — t1Z decay. However, more realistically, such decays would account for
only an order one (but highly spectrum-dependent) fraction of #; decays. If higgsinos
lie between the two stops, than f, decay will likely be dominated by £ — bH™ (me-
diated by top Yukawa coupling). Moreover, as discussed in section the sbottom
should lie between the stops, so that ¢, should also undergo charged current decays to
sbottom. For squeezed enough spectrum such decays may produce even softer leptons
than the neutral current decays, and could be more challenging to detect. For the
estimates below, we ignore such subtleties and study the ansatz of neutral-current

dominance. We will see that with enough statistics, even with significant depletion
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to other channels, neutral current decays might provide spectacular evidence for su-
persymmetry.

Clearly with this assumption of 100% branching fraction to Z the first two bench-
mark points in Table are excluded. However full exclusion plots are beyond the
scope of this chapter, because they would demand more refined simulations and more
well defined assumptions about the Higgsinos, sbottoms and the mixing angle be-
tween the stops. Note that if the mass splitting between the stops is smaller than
125 GeV the decay will almost never proceed through h* due to smallness of bottom
Yukawa. Alternatively, pushing the heavy stop mass above 300 GeV, we begin to lose
the sensitivity in this channel, therefore we find that there is a big part of parameter
space which is far from exclusion and probably is not expected to make a significant
contribution to the multilepton channel even after £ = 20 fb=! run.

The yields are still smaller than one would naively expect. Most of the events
either do not have an isolated leading lepton harder than 20 GeV, or the next to
leading lepton harder than 10 GeV, which renders them unsuitable for a dileptonic
trigger. As expected the most populated bins are those with low Bz and high Hr, the
Hy in our events comes from #; — jj decays, while the MET is merely instrumental.
The prediction in 4/, high Hp low MET channel are already in tension with the
experiment because of extremely low (essentially non-existent) SM background.

It is also expected that there is relatively high chance to lose at least one of

the leptons due to isolation criteria, or due to high rapidity, so the bins with three
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leptons turn out to be even more informative than the bins with four isolated leptons.
Interestingly, the only bin where we could predict a significant excess, low MET and
high Hp without Z, is precisely the bin where CMS observes a non-negligible excess
of events, recording 11 events where 4.5 4 1.5 events are expected. Again, the yield
of our benchmark points is too high to explain the excess, unless non-vanishing (but
also not overwhelming) BR for £, — H*b is assumed. We do not try to claim that
it is an anomaly, or that we try to explain this excess, however it is probably an
interesting channel to watch when /s = 8 TeV data is analyzed. We do not try to
estimate the reach of the multilepton channels for /s = 8 TeV since the event yield
both of the signal and the background is very low, and the backgrounds are very hard
to estimate. Nonetheless it is clear that the LHC right now is on the edge of probing
an interesting region, and high Hy low MET channels are of particular interest to
watch.

The second important channel in this category, is one where one of the Z’s decays
leptonically, while its counterpart decays invisibly. This channel has higher branching
ratio of order 3% but has bigger backgrounds. It also has signatures which naively
resemble R-parity conserving SUSY - namely opposite-sign dileptons with jets and
Hr. If the mass gap between the stops is sufficiently big, such that Z decays on-
shell, the signature is leptonic Z + jets + Fr, naively resembling one of the well-
known signatures of R-parity conserving gauge-mediation [117]. Alternatively, if the

Z decays off-shell we find opposite-sign same-flavor pairs and f;, again very similar
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Spectrum mg = 180 GeV mg, = 185 GeV mg, = 189 GeV Exp. Err. Obs.
Selection mg, = 245 GeV mg, = 260 GeV mg, = 277 GeV 11 11 11
41 B > 50, Hp > 200 < 0.1 < 0.1 < 0.1 0.018 | 0.005 0
41 B > 50, Hp < 200 <o0.1 <o0.1 <0.1 0.2 0.07 1
41 Fr < 50, Hp > 200 3.6 3.5 1.8 0.006 | 0.001 0
41 B < 50, Hp < 200 1.0 0.6 0.4 2.6 1.1 1
41 BFr > 50, Hr > 200, Z <0.1 <o0.1 <0.1 0.22 0.05 0
41 BFr > 50, Hr < 200, Z <0.1 <o0.1 <0.1 0.79 0.21 1
41 Br < 50, Hy > 200, Z 1.0 1.0 2.5 0.83 0.33 1
41 Br < 50, Hy < 200, Z 0.3 0.2 0.4 37 15 33
31 B > 50, Hp > 200 0.3 0.4 0.7 5.0 1.3 8
31 B > 50, Hr < 200 <0.1 < 0.1 <o0.1 27.0 7.6 30
31 By < 50, Hp > 200 16.9 14.1 8.8 4.5 1.5 11
3l Fr < 50, Hp < 200 < 0.1 < 0.1 < 0.1 144 36 123
3l B > 50, Hy > 200, Z < 0.1 < 0.1 0.2 18.9 6.4 20
3l Fr > 50, Hp < 200, Z <o0.1 < 0.1 < 0.1 134 50 141
3l Fr <50, Hp > 200, Z 2.5 2.3 4.5 19.2 4.8 15
3l By < 50, Hp < 200, Z < 0.1 < 0.1 < 0.1 764 183 657

Table 3.3: Expected yields of events in the “golden” channel in the multilepton
search of [1], /s = 7 TeV with assumption BR(t, — Z*t;) = 100%. Channels with
high Hp, low MET are the most informative. All possible leptonic decays of Z*
have been simulated including leptonic 7s. We define the Z window such that the
invariant mass of the OSSF pair is 76 GeV < my; < 106 GeV. We do not simulate
channels with hadronic 7s due to difficulties to mimic one-prong 7;, detection with
our theoretical tools. Three right columns cite the results of [1] where Exp. stands
for the expected yield of the SM, Err. is the systematic error as it was estimated by
the experimentalists, and Obs. stands for the observed number of events at £ = 4.98

bt

to a standard R-parity conserving signature with decay chain proceeding through a
low mass slepton.

Unfortunately these resemblances are not close enough to be useful. For example,
we explicitly checked the event yield for all three reference points in table in
analysis [118] and found that the yields are far below values which one needs in

order to have exclusion (usually yielding one event or even less in each of the signal
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regions). These channels are so different because they typically have very low missing
Er and relatively soft leptons, which makes the discovery very difficult with simple
cut-and-count experiments.

Nonetheless one can exploit these events if different strategies are used. If the
7 goes off-shell we get precisely a signature which is identical to the charge-current
decay in the dileptonic channel (see Fig. 3.4]) and was analyzed in details in Secs.
and One can use precisely the same techniques and if an excess in multilepton
is found and confirmed in the dilepton + MET channel, this can be an excellent
cross-check to establish if the excess indeed comes from ¢, — Z*t; decay chains.

One can also suggest similar searches when Z decays on-shell. In this case the
search should be modified, because removing the events in the Z-window would wash
our signal out. Maybe this search is also feasible, however with theory tools it will be
hard to estimate reliably the background which comes from (Z — [T17)+ jets with
instrumental Fpr. Therefore, we point out that this search can be tried, but we do
not make any conclusions about the backgrounds.

Although all other channels of Z-decays have much bigger branching ratios, we
do not see any clear strategies for how these can be utilized. The case where one Z
decays leptonically and the second hadronically would suffer from an enormous /1~
DY background (if Z is on-shell, we get Z+ jets, which is even worse), without even
modest MET. One faces a similar problem if one of the Z’s decays invisibly and the

second one decays hadronically.
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3.7 Outlook

In this chapter, we analysed some of the phenomenological aspects of both R-
parity conserving and violating natural SUSY. As we have shown, the constraints on
natural SUSY, even with the most conservative approach, R-parity with neutralino
at the bottom of the spectrum, are very mild. With these assumptions, the 1/fb data
still allow a spectrum consistent with electroweak naturalness.

This conclusion strongly suggests the future research program in this direction.
Evidently, current LHC searches are not optimized for this scenario. It would be
interesting to see how one can increase the sensitivity of the current searches and
vary the cuts so as to allow better acceptance for natural SUSY. We expect that
there is a strong opportunity for searches optimized to natural SUSY to make great
inroads into discovery or exclusions with the full 8 TeV data set.

Another promising avenue one can take has to do with R-parity violation. As we
emphasized in sections through RPV is highly motivated if natural SUSY
indeed describes the physics immediately beyond the SM. Even the signals of RPV
SUSY with lepton-number violation can be quite challenging if squark decays into
leptons involve 7. The signals of RPV SUSY with baryon-number violation are even
more challenging, because the decays of the squarks will mostly results in jets. How-
ever, as pointed out for the case with baryon R-symmetry, squarks can have more
spectacular decays into several jets, including two with heavy flavor. Current exotica

searches |[119] put very mild bounds on these RPV scenarios and it is very interesting
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if one can improve these search strategies to get better sensitivity to the new physics.

The main results of this chapter are new searches that we propose for the 8 TeV
LHC and the novel techniques that we find useful to discriminate the new physics
signal from the background. These searches are motivated by natural SUSY with
renormalizable baryon-number violating RPV interactions. This yields a set exper-
imental signatures which are not efficiently captured by current LHC searches. We
pointed out that the signatures of charged-current decays can be discovered by a
di-resonance search with two additional leptons. The leptons, being soft and accom-
panied by modest MET are essentially useless for cut-and-count search, but provide us
an excellent handle and allow us to see the dijet resonances despite small production
cross section. It is in fact surprising how efficient these searches can be. Moreover,
there is a good reason to believe that one can do even better than our estimates. Al-
though we tried to choose an adequate clustering radius, we neither optimized it nor
used “grooming” techniques. Simple optimization and using “trimming” [120], which
is the most adequate grooming technique for these purposes, can further improve the
sensitivity.

To efficiently discriminate the signal from the background (which is almost com-
pletely composed of tt events) we propose to use a set of rather novel cuts combined
with more standard tools. On one hand we are cutting on the hardness of the MET,
leptons and the entire event, which is a standard tool, but we also emphasize that

these cuts should not be too harsh. On the other hand we propose to put an upper
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cut on r; and rg, variables, which is a novel way to discriminate signal events where
the hardness of the special objects in the event (leptons and Fr) is uncorrelated with
the overall hardness of the event.

The discriminators that we propose to use are not completely unknown, for ex-
ample CMS was using a much weaker version of r; as one of the variables in artificial
neural network in their dileptonic analysis [121] (whose reach is hard to estimate
because it uses a cumbersome multi-variate approach). The variable rg, has not
yet been use in any analysis that we are aware of. We point out that use of these
tools can go much beyond the particular analyses that we propose, and can be used
in cut-and-count experiments as well as in resonance searches. We point out that
these techniques are suitable in any new physics scenario where one finds transitions
between the states with small mass splitting (see e.g. [122,/123]).

Finally we point out that the searches that we propose form one more important
step in the program to map the collider signatures of RPV natural SUSY (for pre-
vious works see [61,95]). This is in general a challenging subject, and even R-parity
conserving signatures often demand non-standard approaches [124-128], because reg-
ular jets+MET searches simply fail. The subject of RPV natural SUSY has received
little attention thus far, and its collider signatures are still largely unexplored (see
however searches by CMS where very little or no MET in the signal region is re-
quired [129,/130]). It would be interesting to study more signatures characterizing

natural SUSY with baryon-number violation or lepton-number violation, as well as
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the more challenging spectrum orderings for the system introduced in the previous
chapter (lightest superpartner being sbottom or Higgsino).

We are very hopeful that searches along the lines described above will soon be per-
formed at the LHC, and will help further our understanding of the grand hypothesis

of naturalness.
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Chapter 4

Accidental SUSY and RS: The

Story Above 10 TeV

The strongly coupled regimes of gauge theories are the home of many diverse
phenomena in quantum field theory which are often missed in perturbative studies
of those theories, such as confinement and the growth of extra dimensions. Strong
coupling has been used as a tool for realizing several mechanisms in field theory,
and such lines of inquiry have suggested new solutions to the hierarchy problem
[11,|131},132]. However, with the recent discovery of a SM-like Higgs boson [133}/134]
and the absence of any discoveries of new physics to stabilize the electroweak scale,
this motivates even more strongly the need to test the postulate of naturalness very
thoroughly. Recently, there have been many models which add in a minimal module

of new physics capable of stabilizing the little hierarchy from the electroweak scale

118



CHAPTER 4. ACCIDENTAL SUSY AND RS: THE STORY ABOVE 10 TEV

up to a new physics scale above the reach of the LHC. The supersymmetric version
of this resolution to the little hierarchy problem, natural SUSY, has been the subject
of chapters 2 and 3 of this thesis, and LHC search strategies capable of probing such
a scenario have been studied extensively both here and elsewhere [135-143].

However, with such a low cutoff for such models, one very rapidly requires a UV
completion in order to study the viability of the model. Supersymmetric extensions
are certainly possible, but can themselves come with UV tuning issues |144], motivat-
ing one to consider alternative UV completions. It seems natural for us to consider
UV completions to natural SUSY which involve the ingredients of those mechanisms
which solve the big hierarchy problem. Strong coupling is such an ingredient, and
indeed, using it to solve the little hierarchy problem has been proposed [3] and stud-
ied through the use of the AdS/CFT correspondence [145]. The mechanism in play
responsible for the stabilization of the little hierarchy and the big hierarchy simulta-
neously is known as accidental supersymmetry, and will be the subject of this and
the following chapters.

In this chapter, we study the mechanism of accidental SUSY as a potential UV-
completion of natural SUSY by virtue of studying a toy model in RS. In section [4.1]
we review the mechanism of accidental SUSY as discussed in [3]. In section [4.2] we
explore a toy model of accidental SUSY in RS and lay the foundation for BSM model-
building. A crucial tool exploited in this chapter is the AdS/CFEFT correspondence,

reviewed in, for example, [146,147].
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The work in this chapter is based off of unpublished research performed in collab-

oration with Raman Sundrum [7].

4.1 Intro to Accidental SUSY

Accidental SUSY is a mechanism for composite Higgs models which has been
proposed to stabilize the little hierarchy. One realization of this idea is to couple a
sector which breaks SUSY at high energies to an approximate CFT in such a way that
the SUSY-breaking terms flow to 0; in other words, use the strongly coupled sector to
give all relevant SUSY-breaking operators a large positive anomalous dimension [148].
We therefore consider the spectrum to be accidentally supersymmetric if there are
no global singlet relevant operators (GSROs). Note that in full generality, accidental
SUSY is more than this; subleading terms push us in the right direction to restore
SUSY fasterin the IR [3]. This is a sort of “focusing” effect. Therefore, in the theory
below the compositeness scale, the composite states appear to have an only mildly

broken supersymmetry. In fact, accidental supersymmetry can provide approximately

supersymmetric states a loop factor down from the compositeness scale, m? ~ IGITFQ A?
as shown from the CFT perspective in [3], and from the AdS perspective below.
Suppose we had a 4d theory containing a supersymmetric perturbative visible

sector V' which weakly gauges a strongly-coupled approximate SCFT with a very low

compositeness scale Agyy,p, which in turn communicates with a SUSY-breaking sector
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with some high-scale SUSY-breaking operators at characteristic scale A. Suppose
further that V' contains some set of scalar global singlet operators O; with associated
scaling dimensions A;. One generically would expect that at A, the SCFT would
mediate SUSY-breaking to V', generating any allowable terms in the action for V.

Integrating out the SUSY-breaking sector modifies the visible-sector Lagrangian to

L= ﬁV(A) + Lscrr + gi(A)Oi (4.1)

where O; are generally all allowed operators and g; may naturally contain various

loop factors. Running down to the compositeness scale yields the Lagrangian

A4

L = Lyv(Neomp) + Lscrr + gi(A) <A610\mp) O, (4.2)

where A; = Ap,. We see that for A; < 4, the effects of SUSY-breaking become more

important in the IR, whereas for A; > 4, the effects can naturally be parametrically

small. Therefore, we conclude that the mechanism of accidental SUSY can be at play

in this scenario when all global singlet operators O; of V' are marginal or irrelevant;
in other words, there are no global singlet relevant operators.

The above discussion is a weak statement of accidental SUSY; clearly, SUSY-

breaking could be inherently large, as parameterized by ¢;, and operators with A =4

do not ensure that we flow to a supersymmetric fixed point. A stronger statement

of accidental SUSY, as used in [3], is to say that there exists a nonsupersymmetric

flow to a supersymmetric fixed point, without even needing to assume UV SUSY.
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This could be true if there were, in addition to not having GSROs, no global singlet
marginal operators (GSMOs). This is true of the toy model we discuss below, as we
shall verify from the RS perspective. However, in the next chapter, we will consider a
weaker form of accidental SUSY where there are GSMOs. As these can be suppressed
by loop factors and spurion insertions, we see that even in the presence of GSMOs,

SUSY can be approximately present and natural below the compositeness scale.

4.2 A Toy Model of Accidental SUSY

We would like to exhibit a composite Higgs model with accidental SUSY, in order
to demonstrate that it is possible to stabilize a little hierarchy from O(100) GeV to
O(10) TeV. One set of composite Higgs models are dual to models in RS with a Higgs
field localized to the IR brane. As we will have UV SUSY and are again plagued with
anomaly cancellation concerns from the Higgsinos on the IR brane, we must introduce
a second Higgs doublet to cancel anomalies. In this chapter, we are not concerned
with the model being realistic, and so we just focus on the necessary ingredients in
order to pursue model-building at a later date.

We embed the minimal accidental SUSY model in a slice of the Poincaré patch of

AdS5 with a metric

ds* = e Wy, da"da” — dy® (4.3)
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with 7 the mostly-minus Minkowski metric. k is the inverse AdS radius of curvature,
relating the 4d and 5d Planck scales via M7 ~ M2 /k. The UV brane is located at
y = 0 and the IR brane is located at y = ¢, and we do not consider the space outside of
the branes (we treat the space as the orbifold S'/Z,). The KK scale is roughly ke %,
which we take to be O(10TeV). The scale at which gravity becomes strong in the IR
and consequently the scale at which this model requires a UV completion is Mze *¢.
Therefore, we take M5 > k by a modest bit to allow for a reasonable regime in which
the 5d EFT is valid. We begin at first ignoring gravitational and radius stabilization

effects, and will argue later that they do not alter this story significantly.

We define the minimal model as follows:

e There exists 5d N' = 1 SUSY, broken to 4d N = 1 SUSY explicitly on the

boundaries.

e In the bulk lives an SU(2) SYM with 5d gauge coupling g. It will be called
the weak group, its gauge bosons W, etc. The associated superfields are a
vector superfield V' and a chiral superfield ». The scalar component of > is
w = \/Li (o + iWs5), with o the real scalar from the 5d vector multiplet and Wi

being the fifth component of Wj,. These are both even under the orbifold.

e On the UV brane lives a SUSY-breaking spurion Vg = 94Dy, which we assume
to be D-type SUSY breaking so as to preserve the R-symmetry, coupled to

the SU(2) gauge sector through physics which has been integrated out. We
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imagine Dg ~ 10000 TeV so that any UV-localized fields beyond the minimal
model will receive large SUSY-breaking soft masses. We treat Vg as a gauge-
invariant spurion. As we will discuss in the next chapter, one might imagine
that the UV brane is a proxy for the full dynamics of the bulk of a Calabi-
Yau manifold that the underlying string theory is compactified on. We would
like to couple this to the 5d gauge scalar ¢ and allow for the transmission of

SUSY-breaking to the Higgs sector.

On the IR brane live three chiral superfields; S, H, and Hy. S is an SU(2)
singlet whereas H, and H,; are doublets. They couple with superpotential

AS(H,H; — v*) on the IR brane in order to break the electroweak symmetry.

Putting all of this together, the most minimal of actions is as follows:

S = / d°x det(e) ( / d*K + / d*9W + h.c.) (4.4)

K :giz (1 — 25(3/)%) Tr <<\/§D5 + Z) eV (—\/52)5 + i) eV + D5€_VD5€V>

0y — 0) (Hae¥ Hy+ Hoe™V H,) (4:5)
1
W= 17T VW) +6(y — OAS (H,Hy — v (4.6)

where everything is explicitly AdS diff-invariant. Note that in these conventions, ¢

1

has mass dimension —3, and W)j; and > has mass dimension 1. M is the messenger

29

scale which communicates SUSY-breaking to the vector multiplet. The 5d SU(2)

supergauge transformations are:
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eV = elteVel (4.7)

eV e heVeh (4.8)
Wa — e 2W,et (4.9)

5 A (2 - \/51)5) et (4.10)
S el (S + \/§D5> et (4.11)
H, — ¢“H, (4.12)

Hy — e 2Hy (4.13)

Note that the H;® H, coupling is not allowed by gauge invariance, explicitly breaking
the 4d N' = 2 supersymmetry down to A/ = 1 on the brane.

We are interested in the effects of SUSY-breaking on the Higgs sector. Super-
symmetrically, there is no mass term for H, or Hy, and so both the Higgses and
Higgsinos are 4d-massless. The underlying dynamics are supersymmetric, and so we
expect by nonrenormalization theorems that the only nontrivial contributions to the
4d Higgs masses will come from SUSY-breaking effects. As there is no coupling of
2, the field coupled to SUSY-breaking, to the Higgses at tree-level, the effect must
proceed through a 5d loop. We would like to compute that loop in order to under-
stand the parametric scaling of the SUSY-breaking Higgs mass. We begin by passing
to the supertangent space in order to have canonical Feynman rules, and then set up
the appropriate loop diagram and evaluate it.
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We can pass to flat superspace/supertangent space coordinates as follows:

D, =MD,
D = 05
9o = e~ zHlge
4, = ezl dp,

a _ —kly| sa
e, =€ 5u

det(e) = e~ 4klyl
Wa = —-D* (e VDue") = —iegk“’l_?z(evDaev) = ezt by,
Vg = e%lylvS

This gives rise to the following 5d flat-space action:

S = /d% (/ d49K+/d29W+h.c.)

L ok k Vs
K= 7 2klyl (1 — 26(y)e? y%)

x Tr ((\/585 + E) eV (—\/585 + i) eV + 8567‘/856‘/)

+ e*%‘wé(y —0) (F[dede + F[ue’VHu)

W= 4—12Tr (WOW,) + e Wl5(y — ONS (H,Hy — v?)
g
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Note here that the kinetic term for H, and Hy is not canonically normalized upon
reduction to 4d. This can be fixed by sending H; — e*¥/H,. This shifts the Kahler

and superpotentials to

Lok k Vs
K= 7 2Klyl (1 —26(y)e? y%)

x Tr ((\/585 + E) eV (—\/585 + i) eV + 8567‘/856‘/)

+6(y — ) (Hye" Hy+ Hye ™V H,) (4.26)
W = 4LQTr (WoW,) + e M5 (y — ONS (H, Hy — e Wlp?) (4.27)
g

The only effect of the SUSY-breaking spurion is contained in the expansion of the

Kahler potential. It is the term

1
5 2
5D /d z 5(y) (—g2kDS|w| ) (4.28)
Therefore, 4d SUSY is broken, and can be mediated to the Higgs fields via w.

The presence of 4d couplings of the w to the scalar higgses is ensured by the SU(2)

D-equation of motion:

2
D = —=Ds (M) — Tb(y — ¢) (haha = huh) (4.29)

where Dy = 05 + W5, as usual. In the higgsless, non-warped limit this correctly

reproduces the result of [149] of D = —Dso. Consequently, there is a diagram for
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the higgs mass correction as shown in In such a fashion, SUSY breaking can be

transmitted to the higgs sector.

Figure 4.1: The 5d loop diagram responsible for transmitting SUSY-breaking to the
h.

The o propagator currently has mass dimension 1; in order to use a canonical 5d
propagator we should properly normalize by sending ¢ — go. After this normaliza-
tion, the mass-term for o is

D, ,

L5 =iy 320 (4.30)

The operator in question comes from the cross-term of Ds. In the basis where

both ¢ and h have canonical 5d and 4d propagators, respectively, is

ge_2k|y‘5(y — 0)h(2ko — Os0)h (4.31)

which is dimension 5 as desired. The metric for which we have a form for the scalar
propagator is
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1
ds® = 72,2 (nuwdatdz” — dz?) (4.32)

This is related to our y-metric by z = % Being sure to be careful about converting
from y to z, we can easily use Feynman rules for the non-boundary terms in the

Feynman diagram to evaluate the loop integrand. The answer is

Oy, Oyz Oys D,
d4 dz1dzodzs———">—"= —
/ / F10%20% 821 02’2 82’3 6< ) k

:’M

X g5(y1 - 6)6721%11 (Qk 821 821) Gq 21, 22

823
y3

N |

§(ys — £)e ks (Qk 023> G (22, 23) (4.33)

where ¢ is the 4d loop-momentum, G,(z,2’) is the 5d mixed p-z scalar propagator
with 4d momentum ¢ and z-beginning and ending points z and z’. We convert fully
to z-space by § az = kz and 83’ = z. The boundaries are y = 0 and ¢, making them
z =1 and e *. Finally, 6(y — yo) = 6(z — ZO)/%|ZO, where y(z) = yo-

The propagator G for scalars was found in [150]. For our specific case, we use
their result, plugging in the following: s = 4, M? = ak?. We want a flat profile for
the right-handed gaugino, which we obtain by picking the gaugino mass-parameter
to be ¢ = —1/2. By supersymmetry, a = —4. Finally, « = 0, r = b, and b = 2.
We define the auxiliary Bessel functions J, = (=1 4 §/2)J, + 2J, = 2.J'. As a =0,
J{ = —Jp. Therefore, Jo = —2zJ,.

H, is a Hankel function of the first kind, called H&l) = J, +1iY,. We can define
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H in a similar fashion to J. Since Yy = —Y1 as well, ﬁo = —zH;.
The conventions of [150] call for z = €*¥/k. Since their Planck brane is at y = 0
and their TeV brane at y = 7R, we see that z = 1/k for the Planck brane and

z = ™2 /k for the TeV brane. The explicit form for the propagator is

2 (pem™/ k) Ho(p/k) — Ha(pem™" [k) Jo(p/k)

Glz, ) = Tk (j o (0™ /k) Ho (p2>) = Ha(pe™ " /K).Jo(p2> >>
P\~ j ]'_NI J
( (p/k)Ha(pz<) — Ha(p/k)Ju(p2< ) (4.34)

where 2. and z. are the greater and lesser of z and 2/, respectively. We match

conventions by setting ¢ = wR. The integral is

Dg

kf/k 1
4
il 1
_ T /d q / dzld22d23k32122zg (22 /k)

x eF8 (2 M//{;) (Qk kz10,,)Gq(21, 22)

x e85 (23 M/k;) (2k‘ kz30,,)Gy(22,23)  (4.35)
which simplifies to:

2D o2kt ek /k 1
om 2 — / / ledZQng (ZQ — ]./k?)
T T 956kS Tt 32023

x 8(z1 — " /k)(2 — 210.,)G (21, 22)

x 8(z3 — " /k)(2 — 230.,)Gy(22, 23) (4.36)
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After doing the z-integrals and Wick-rotating, this reduces to

92 DS€2M
64k674

2 _
omy =

k7e6k€27r2/ dq q(2—210,,)Gy(21, 22)(2— 230, ) Gy (22, 23)
0 z1=z23=ekl [k zo0=1/k
(4.37)
As (G4 has mass-dimension —1, we can surmise that the g-integral has mass dimension
0. The resulting integral can be done numerically, and then fit to an analytic form.

Performing this procedure yields that the solution scales as kLZ’ where the coefficient

is nearly 1. Putting all of this together, we obtain

(ggk)DS —4ke

2 __
OMh = B2 ()

(4.38)

This is the central result of this chapter. We have demonstrated that SUSY-
breaking Dg is warped down to the compositeness scale by four powers of the warp
factor e*, and then is suppressed further by a loop factor. Furthermore, all other
mass-scales (such as the electroweak scale v) are only redshifting with one power of
the warp factor per mass dimension; here we are redshifting the higgs mass by two
powers. Therefore, this toy model exhibits accidental SUSY, since as we flow further
and further into the IR, dual to moving the IR brane further and further away, we
flow to a supersymmetric fixed point, as the SUSY-breaking effects are flowing to 0

faster than SUSY-preserving effects.
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4.3 Further Considerations

Although this toy model does indeed exhibit a supersymmetric fixed point, there
are a number of other issues to be addressed. First, as with nonsupersymmetric RS,
the radius needs to be stabilized. As has been shown in [151], the radius can be
stabilized in 5d SUSY RS models by adding a hypermultiplet (®, ®) with a 5d mass
(A —4)k, where A is the scaling dimension of the dual stabilization operator, as well
as constant superpotentials C%, and Cfy, on the IR and UV branes, respectively.
This is a supersymmetric generalization of the Goldberger-Wise mechanism [152].
We imagine that C7gr < Ms, which can easily have the effect of stabilizing the radion
at k¢ ~ 40 for an adequate hierarchy, keeping the norm of ® and ® small enough
to not gravitationally backreact on the geometry significantly, and also making the
radion-mediated contributions to composite soft masses adequately small.

Furthermore, anomaly-mediated contributions are small enough because mays5 ~
meSMS < GeV.

Finally, gravity-mediated contributions to the higgs 4d mass are determined by
the value of the stabilizer field F-terms with the IR brane. As argued in [151], these
are related to the hierarchy between Crgr and M;s, and so we can get rid of any of
these contributions by turning down the IR constant superpotential.

There are a number of other details to address, such as the focusing effect in
the RG equations discussed in [3]. This is dual to additional loop diagrams in RS,

which will be the study of future research. There is a great deal of opportunity for
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constructing a BSM model exhibiting the mechanism present in this toy model.
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Chapter 5

Accidental SUSY and String
Theory: The Story Above The

Story Above 10 TeV

The toy model in the previous chapter is indeed accidentally supersymmetric, but
is itself only an effective theory, because the mass dimension of the gauge coupling is
—%. Therefore, new physics must appear imminently at higher energies. It is therefore
paramount to ascertain whether UV completions of mechanisms in RS exist. In this
chapter, we will explore the question of whether it is possible to realize even a single
example of accidental supersymmetry in a concrete UV-complete framework as proof-
of-principle for studying the mechanism in further detail in the RS framework. We

choose to focus on type IIB string theory as our UV-complete framework, though it
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would be interesting to pursue accidental SUSY in other frameworks in the future.

The structure of the chapter is as follows: in section [5.1] we review accidental
SUSY and explore what ingredients must be present in our string background to en-
sure accidental SUSY. In section [5.2], we review those details of the Klebanov-Witten
and Klebanov-Strassler geometries which will be relevant to our chosen background,
as well as their gauge duals. In section [5.3) we study string perturbations to the
theory on the deformed complex cone over Fy, the zeroth Hirzebruch surface, in order
to demonstrate that its dual theory possesses accidental SUSY.

The work in this chapter is based on unpublished work of the author [6].

5.1 Accidental SUSY Ingredients

Our goal is to write down a UV-complete string model exhibiting accidental SUSY.
A good starting place would be having a model that preserved SUSY in the first place,
then breaking SUSY by hand at high energies and watching it be restored as we flow
to the compositeness scale. Such a model would require a strongly coupled SCFT,
which is a warped throat in the dual string description. However, there is an no-go
theorem [153] stating that the only way to obtain a warped throat in type IIB string
theory on a compact Mg is through the presence of O3-planes or D7-branes. In the
absence of local objects in the theory, the only solution to the equations of motion

are vanishing G3 and constant fiveform flux and warp factor, giving an unwarped
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solution. Consequently, in order to have a warped solution in string theory, one needs
to add local objects such as O3-planes or D7-branes which violate the assumptions
of the no-go theorem. Therefore, one would hope that one could find warped models
of accidental SUSY in F-theory compactifications [154], or in the orientifold limit of
F-theory |155].

However, these constraints do not apply to warped, noncompact geometries. Al-
though these models are perfectly satisfactory in their own right, they lack dynamical
four-dimensional gravity, and therefore are unsatisfactory for attempts to recreate
BSM physics models. Nevertheless, these geometries act as local, effective descrip-
tions of full compact solutions. The bulk of these compact manifolds act as “UV
branes” on the EFTs living in the throat. Therefore, one can study the physics of
a throat alone, and incorporate fluctuations sourced by physics in the bulk of the
compact manifold in the effective description. This methodology is described and
utilized in, e.g., [156,/157] to study the potentials of D3-branes for the purposes of
studying inflation in string theory.

We are led, therefore, to consider a warped space which is of the form

ds* = 2y, datds” + e’QA(r)ds?M6 (5.1)

with

dsyy, = dr® + r’ds%, (5.2)
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where ds%, is the metric on a five-dimensional horizon manifold. In order for the
noncompact space dr? -+ rzds?x5 to be Calabi-Yau (thereby preserving bulk super-
symmetry), X5 should be Sasaki-Einstein [158]. In order to find accidental SUSY,
therefore, the more modest goal is to look for noncompact solutions to supergravity
with brane sources, bulk supersymmetry and with this metric ansatz which have no
GSROs, deferring the question of realizations on compact manifolds until future work.

Supposing we had such a background to work with, classical perturbations of the
various supergravity fields by non-normalizable solutions to the linearized equations
of motion are dual to deformations of the Lagrangian of the dual SCFT. Of course,
such solutions would be normalizable upon compactification of the manifold. The
masses of the linear supergravity perturbations determine the scaling dimensions of
the dual operators, and the quantum numbers of the global symmetry group follow as
well. By the AdS/CFT correspondence, those objects which are dual to Lagrangian
perturbations of the CFT are scalar fields on AdSs. Therefore, one can classify all
scalar single trace primary operators, their scaling dimensions (to leading order in
%) and their global quantum numbers by studying the UV perturbation theory of 5d
scalars about the background in question. Note that since these supergravity fields
will propagate on a supersymmetric background, they will be sourced by SUSY-
breaking effects in the compact part of the manifold and therefore do not need to

respect supersymmetry.
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5.2 The Conifold and its Deformation

There is a famous example of a noncompact, finite warped throat in string theory;
this is the Klebanov-Strassler (KS) solution [159], which describes IIB string theory
on a warped deformed conifold. It is a perturbation away from the fixed point of the
warped throat of Klebanov-Witten (KW) [160]. KW describes string theory on the
conifold, which is a real cone over the space T, A brief discussion of 7! is given
in the appendix. KW describes a theory with N D3-branes placed at the tip of the
conifold, whose worldvolumes coincide with R'?. The Klebanov-Witten solution to

IIB supergravity is

ds?® = * ), dztdr” + e 24 (dr® + r®dsii.) (5.3)
r 27Tmgs N 1/4 1
A—lnﬁ R—< 1 ) T—; Gs=0 (5.4)
. Lt
Fy=(1+#*dandz a=e= T (5.5)

where R is the AdS radius of curvature measured in units of the string length, [, = 1.
Note that T is Sasaki-Einstein, implying the existence of 4d N = 1 SUSY. The
dual SCFT is described by gauge groups SU(N) x SU(N) along with bifundamental
and antibifundamental fields A* and B/, respectively, each transforming as a doublet

under their own SU(2) flavor symmetry group. At the strongly-coupled conformal
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fixed point, the scaling dimension of the matter fields is A = %, and the theory has a

superpotential

W = e Tr(A B A* B (5.6)

In the perturbative regime, the theory has a Kahler potential

K =Tr (Ae"" Ae™" + Be"?Be™") (5.7)

The associated quiver diagrams for KW is shown on the left in fig. [5.1}

Ai
B/

Figure 5.1: The quiver diagrams associated with the Klebanov-Witten (left) and
Klebanov-Strassler (right) theories.

We use the following conventions for supergauge transformations of the fields:

eVl — et eV? — eh2pV2 il (5.8)
Wy — e ™e™ T, — e heyi,eit (5.9)
A — e pethe B — e~z BetM (5.10)

The KS solution is obtained by modifying the KW solution by wrapping M D5-
branes around the nonvanishing twocycle at the base of the conifold, and allowing

the remaining three directions to be parallel to the D3-branes. This action famously
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deforms the conifold and generates a logarithmic dependence of the total flux through
T4! on the radial coordinate, which is dual to a cascading gauge theory which un-
dergoes repeated Seiberg dualities. After a change of radial variables from r to p,
defined implicitly through r% = \/ge%p with €2/3 being a mass parameter, the I1IB

supergravity solution that describes KS is governed by the following equations:

T=— 5.11
. (5.11)
1
ds® = ——=n,,datdz” + \/h(p)ds] (5.12)
Vhip) ™ ‘
ds? = ﬁK(p) sinh? (B> (91 + g3) + cosh? <£> (g5 +g3) + ! (g2 + dp?)
(5.13)
5 gsM? 16 y >
= 14 ANga/Ngs/N\gs/\gs+ dxNd 5.14
5 16 (p) <91 92 N g3 N ga N\ gs K (0)2h(p)2 sink pei/3 x Ndp (5.14)
M .
Gy = e (gs Ngs A ga+d(F(p)(g1 A gs+ ga Ags)) —id(f(p)gi A ga +k(p)gs A ga))

(5.15)

where the solution has been specified in terms of the following auxiliary functions:

(sinh(2p) — 2p)'/3 () = sinhp —p
21/3 ginh(p) 2sinh p

K(p) = (5.16)
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(gsM)? [ xcothz—1, 1/3
pcothp — 1 pcothp — 1
=" “(coshp—1 k(p) = ————(cosh 1 1
f(p) 2sinhp  (CohP ) () = =5, (cosbr+1) (5.18)
hp—1
tp) = L0  (sinh 2p — 29) (5.19)
4 sinh” p

The dual gauge theory of the above solution is similar to the KW gauge theory,
but with gauge groups SU(N) x SU(N + M), as shown in the quiver on the right of
fig. 5.1l However, due to nonvanishing beta functions, the dual gauge theory runs as
we flow into the IR, undergoing repeated Seiberg dualities returning to a self-similar
state but with lower-rank gauge groups, finally ending when we’ve reached p ~ €%/3.

KS contains a warped throat with a nontrivial supersymmetric field content in
the IR, making it a promising starting point for a study of accidental SUSY in string
theory. However, compactifying and breaking SUSY in the UV will lead to a violent
disruption of IR SUSY, due to the presence of GSROs such as |[Tr(AB)|? (A = 3) in
the spectrum of operators [15]. Consequently, KS does not exhibit accidental SUSY.
Therefore, we will be interested in an orbifold of KS that removes this operator from

the spectrum, as under our orbifold, Tr(AB) is odd.
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5.3 The Complex Cone Over [

There is a close cousin of KW which describes string theory on a complex cond]
over [Fy; this is just a Z, orbifold of the ConifoldEI [158]. The orbifold can be described
on the supergravity side by taking the KW solution and modding out by z; ~ —z;. In
terms of Th!, this operation can be described as identifying 1) ~ 1 + 2w. Note that
this is nontrivial because the coordinate range of ¥ is 0 < ¢ < 47 on the conifold.
This is dual to orbifolding the gauge group and A ~ —A in the gauge dual, removing
the dangerous Tr(AB) from the spectrum. This solution can also be deformed and
exhibits KS-like running . In terms of the basis of oneforms described in the appendix,
all g; are invariant under this operation, and therefore so are the fluxes in KS. This
theory has been studied before, but in a different context [161}{163]. Also note that
this is to be contrasted with the SUSY-breaking orbifold described in [15], as our
orbifold preserves SUSY. As discussed in section [5.1] the idea is to categorize all
non-normalizable perturbations of the supergravity solution, and therefore gain an
understanding of the scaling dimensions of possible Lagrangian deformations of the
dual gauge theory. We first discuss the supergravity perturbation theory in subsection
[5.3.1] then turn to a categorization of operators in the dual gauge theory in subsection

5.3.2, before finally returning to an AdS/CFT matching in subsection 5.3.3]

' More precisely, we consider the noncompact total space of the line bundle fibered over Fg, where
the line bundle is the anticanonical bundle of Fy.
2This space can also be viewed as a real cone over TH1:2,
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5.3.1 The Supergravity Side

Our goal is to obtain the effective AdS5 masses of all non-normalizable pertur-
bations of the string theory on the deformed complex cone over Fy due to compact-
ifications which behave as AdS5 scalars, as these are the perturbations which will
be dual to scalar perturbations of the dual gauge theory Lagrangian. Studying the
perturbation theory around the deformed cone would in general be a true feat, but
fortunately, since we're interested in UV Lagrangian perturbations, dual to perturba-
tions at large r, we can utilize the fact that the geometry becomes asymptotically that
of AdSs x TV /Z,, and study perturbations on that geometry instead. Furthermore,
since the action of the orbifold becomes much more transparent on the gauge side,
it is sufficientf| to classify perturbations in KW and study the action of the orbifold
after AdS/CFT matching. This procedure has been carried out extensively before for
KW/KS [157,164,|165], so we merely review relevant details.

Before proceeding with the perturbation equations, we pause to introduce help-
ful notation. We introduce projection operators Py which project threeforms onto
their imaginary self-dual and imaginary anti-self dual (ISD and IASD, respectively)
components. These operators are defined by

1

P, = i§<*g°> + 4) (5.20)
1

3There is a subtlety regarding this approach; there can in general be torsion in the homology and
cohomology of the orbifold, and so effects sensitive to topology must be considered independently.
These are dual to anomalies in global symmetries, as we will discuss later.
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where *¢ only dualizes with respect to Mg and ¢,,,,. These operators satisfy

p=p. P=P PP =PP, =0 P +P =1 (5.21)

We consider a supergravity perturbation theory similar to that described in [157],
allowing all fields to be systematically expanded in a formally small parameterﬁ €
about their background values; e.g.

F=F9+ecrW (5.22)

In this case we want to allow all supergravity fields to be expanded, but insist
that the resulting modes be AdSs-scalar perturbations. Consequently, we ignore all
fermion equations of motion. Furthermore, we would like the fluxes associated with
the various gauge fields to not break 4d Poincaré-invariance. With respect to the KW

background solution, the linearized perturbation equations become

Do =0 dG{" =0 dFY =0  Ogeo" (5.23)
16

d(r'P.G) =0 Ogeo" = =00} (5.24)
T

In addition, there is the Einstein equation describing symmetric tensor perturba-

tions of TM!; however, having found the spectrum of scalar operators in the CFT,

4From the point of view of the dual gauge theory, this is a natural expansion to make; powers of
€ can be treated as powers of spurions.
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we can deduce that any operator not matched to one of the above supergravity fields
must be dual to a symmetric tensor perturbation, and consequently not solve the
Einstein equation.

The process of solving the perturbation equations is greatly simplified by knowing

the radial scaling of the scalar harmonics on 7%, which are known to be [164]

§=—2+4VH(G,l,r) +4 (5.25)

where (4,1, 7) describe the representation of the harmonic with respect to the isometry
group of T1! which is SU(2) x SU(2) x U(1). The lowest values of ¢ are shown in
table[5.1 Note that for every nonvanishing value of r, there is another representation
(7,1, —r) with the same scaling dimension.

The 7V perturbation equation is independent of the rest and is satisfied by any
harmonic scalar on T%!. We use coordinates = for AdSs and y for T%!; then we
expand 7 (z,y) = > il G ()Y (y). The 10d Laplacian becomes Oags — D7,
where O Y7 (y) = H(j,1,7)Y""(y). Therefore, the AdS equation of motion for

each term 7, in the expansion becomes

OaasTji (2, y) = H(j, 1, 7)7(2,y) (5.26)

These have mass-squareds beginning at m? = H(0,0,0) = 0 in AdSs, and so with the
exception of the constant mode, the rest cannot transmit SUSY-breaking from the UV

as they’re dual to operators with A > 4. The constant mode is dual to an operator
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) jltllr
0 |0]0]|0
15 [ 43511
2 [1[0]0
2 |0[1]0
3[1]1)2
320 | 1110
35 | 3131
35 | 3131

Table 5.1: The scaling dimensions and quantum numbers of the first few scalar har-
monics on 7!,

with A = 0 or 4, where these two choices are related by a Legendre transform [166];
the A = 0 mode is a modulus which is the sum of the inverse-squared gauge couplings

1/g7 +1/g5 [160].

Aljll]|r

4101010

Table 5.2: The scaling dimensions and quantum numbers of scalar harmonics of 7
with A < 4.

By the Bianchi identity, Gél) is a closed threeform; therefore it is either exact or a

representative of a cohomology class. We consider these in turn. As 7(¥) is constant,
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we can write G3 as dAs, where A, is the complex twoform Cy — ‘QLBQ. Perturbations
of Ay must be AdSs-scalars; therefore A, can be decomposed in terms of twoform

harmonics on T%!. We write this decomposition as

Gy (0,) = D d(fi()%(v) (5.27)
where € are all harmonic two-forms on TH!] satisfying *5dQy = 09y, where *5 is
the Hodge star operator with respect to T%!. § are (—i times) the eigenvalues of
the Laplace-Beltrami operator. However, f; must be only a function of r and not of
4d Minkowski coordinates; otherwise we would have a nontrivial flux along R'? in
the CFT, breaking the Poincaré invariance of the CF'T vacuum. We use the ansatz
fi(x) = r*, allowing for potentially multiple values of a for a given i. As we can

solve the perturbation equation term-by-term, we must solve

d(r*P_(r*Q)) =0 (5.28)

The solution to these was found in [157]; the claim is that our ansatz solves the
perturbation equations when o = § — 4 or —4§ (for 4 # 0). In these cases, the scaling
dimension of the dual operatorﬂ is A = max(4—0,9). The eigenvalues of the twoform
harmonics were worked out in [164]; the answers can again be expressed in terms of

the quantum numbers of the isometry group (4,1, ). There are six eigenvalues of the

5This rule is used to enforce unitarity of the dual operator (A > 1). In the cases where both
4 — ¢ and § are allowed by unitarity, either scaling dimension is acceptable in the dual CFT, the two
choices being related by a Legendre transform [166]. We choose the larger scaling dimension for the
duals of Gs-flux for ease in matching to the CFT spectrum.
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Laplace-Beltrami operator for each (j,,r), and they areﬂ

Oar+2) = 1EVH(G L) +4 (5.29)
Oar—2) = —1EVH( 1) +4 (5.30)
Oy = £V H(, 1) +4 (5.31)

where the allowed values of (j,1,7) and the definition of H(j,l,r) are the same as
in table but now the physical value of r of the perturbation may not be r, but
rather r 4+ 2, as indicated in the subscript of §. This occurs because the twoform
harmonics can be built out of scalar harmonics, but some of the solutions depend on
the holomorphic threeform €2 on the conifold, which carries an R-charge of 2.

The de Rham cohomology representative twoform ws of TH! is an acceptable
harmonic perturbation of the twoform gauge fields, corresponding to vanishing GJ.
wy is therefore another modulus of the dual CFT; in this case it is the difference in
the inverse gauge-squared couplings % — é. Again, this is the A = 0 choice related
to the A = 4 choice by a Legendre transform.

The second singular cohomology of T'!/Z, contains a Z, torsion subgroup, re-
lated by Poincaré-duality to the presence of torsion threecycle in homology. However,
although the torsion threecycle plays an important role in AdS/CFT, the associated
twoform is not present in the de Rham cohomology; H3z(T™'/Z,,R) = R. Conse-

quently, there is no As-perturbation associated with the torsion twoform.

6Note that we disagree with the authors of [164] with regard to a minus sign.
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Finally, one can ask about Gs-flux in H3(T"!'). However, the cohomology rep-
resentative wy = g5 A wy of TH! does not satisfy d(r*P_ws) = 0, and so it does not

constitute an allowable perturbation of the solution.

Series | A [ j |1 | 7

[a—
N
Ot

N[ =

D=

IIr |2 (0(0]0

II 3.5

I | 4 |(1{0]0

I | 4 (0(1]0

II1 3 1010 2

wa 4 10[0|O0

Table 5.3: The scaling dimensions and quantum numbers of scalar harmonics of A
with A < 4.

We turn to ®_, satisfying D6<I>(1) = 0. We expand again as o) = > Y, and

solve term by term. The solutions are
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a=-2+Vi+H (5.32)

where O5Y = HY. The dual operators’ scaling dimensions are therefore A = —2 +

V4 + H, and we list those modes in table .

A gl ]r
15 [ 3311
2 [1[0]0
2 [0[1]0
3 (1)1 )2
320 110
35 | 3151
35 | 31311

Table 5.4: The scaling dimensions and quantum numbers of harmonics of ®_ with
A< A4.

The solutions for ®, have scaling dimensions beginning at 6 [164] and so do not
contribute to the transmission of SUSY-breaking.

Finally, perturbations of the fiveform flux which are in the cohomology of 7!
clearly satisfy the equations of motion as dws = 0 and d*ws = 0; however, perturbing
the fiveform flux in KW simply changes the number of D3-branes one has in the

solution, dual to changing the rank of the gauge group.
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5.3.2 The Gauge Side

In this section, we study the gauge dual of the supersymmetry-preserving Zso-
orbifold of Klebanov-Strassler. We denote n = %N and m = %M , implicitly assuming
that N and M are even. Recall that the orbifold action in the supergravity was
z; = —z;, where z ~ AB. A and B are bifundamentals under the gauge group, and
can therefore be written as N x (N + M) and (N + M) x N matrices, respectively.

The action of the orbifold can therefore be embedded on the gauge side as follows:

e SU(N + M) is orbifolded by diag(l,+m, —Inim). The resulting groups are two

copies of SU(n 4+ m), and these are called groups GG; and G3, respectively.

e SU(N) is orbifolded by diag(l,, —I,). The resulting groups are two copies of

SU(n), and these are called groups G2 and Gy, respectively.

e The gauginos are embedded the same way as the gauge bosons so as to preserve

supersymimetry.

e The two superfields A’ are odd under the orbifold. The resulting superfields are
embedded in A° as:
0 @
Q5 0

(5.33)

e The two superfields B7 are even under the orbifold. The resulting superfields
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are embedded in B’ as:

QR 0
(5.34)
0 Q)
N I. N+M
2 Qs 3
Q) Q,
Q'
N+M N
1 4

Figure 5.2: The quiver diagram associated with the theory dual to the complex cone
over FFy.

Under the action of the orbifold, the superpotential can be written as

W = Aeaen Tr (Q1Q4LQ5Q7) (5.35)

where €15 = 1. The representations under the various groups are listed in table
b5l

The U(1)4 is a spurious symmetryﬂ with the superpotential coupling A acting as

the spurion. Furthermore, the U(1)g symmetry is anomalous; the exact symmetry

is Zo,. We also record the charges of the holomorphic intrinsic scales A;, which we

introduce shortly.

"This statement is only true perturbatively; instantons would break U(1)4 even in the absence
of a superpotential.

152



CHAPTER 5. ACCIDENTAL SUSY AND STRING THEORY: THE STORY
ABOVE THE STORY ABOVE 10 TEV

Field | G1 | Go | G3 | G4 | SU(2)1 | SU(2)2 | B | Ba | Bp A R
Qi |O] 1] 1|0 2 1 1] 1 0 1 3
Q, |O(0O] 1|1 1 2 -1 0 1 1 i
Qs 1 0|01 2 1 1] -11]0 1 i
Qi | 1|1 |00 1 2 1] 0 | -1 1 3

A 11 1] 1 1 1 0| 0| 0 -4 0

Ve o O O B O 1 1 0] 0] 0 4n 2m

v O N B B 1 1 0 0 | 0 |4n+m)|—2m

Table 5.5: The representations of the fields in the orbifold of KS. G; and Gj are
SU(n+m), Gy and G4 are SU(n), and B, Ba, Bg, A and R are all U(1)s.

There are also two additional baryon numbers B4 and Bg we can define in the
orbifolded theory. These baryon numbers rotate the daughters of A and the daughters
of B into each other, respectively. However, these symmetries are both anomalous
with respect to the gauge groups; both U(1)p, and U(1)g, are broken by instantons
down to the intersection of Zy, and Zs,+m). Notice that this would be true even in
the conformal (m — 0) limit. As this is the limit we match to on the supergravity
side, we study it further.

There are baryons associated with the symmetries; we define

Bt = det(Qy) — det(Qs) (5.36)
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B = det(Q,) — det(Qy) (5.37)

B4 and Bp are chiral operators and so they have protected scaling dimension %n.
They transform in the spin-% rep of their respective SU(2) flavor groups. They have
baryon charge n under their respective U(1)s, and so under their respective residual
exact symmetries each transform as B — —B. We expect that since D3-branes
wrapping the threecycle in homology in KW are dual to baryons in the CFT, then
this Z, is related to the nonvanishing torsion threecycle in homology, which generates
a Zs |158]. We expect that the currents Jp, and Jp, associated with these to not have
protected scaling dimension 2 due to instanton-induced O(1) anomalous dimensions.

There is a residual Zy symmetry of the quiver that exchanges groups 1 and 3 and
also groups 2 and 4, along with an associated swapping of matter fields. We opt to
impose that symmetry on all of our perturbations as deviations will lead to a differ-
ent kind of IR. This will place a restriction on the allowed sorts of supersymmetry-
breaking in the compactification. Crucially, this forces the equality of gauge couplings
g1 and g3, as well as go and g4.

Furthermore, there is a Zs outer automorphism of KW that exchanges the two
gauge groups as well as A and B. The orbifold inherits this automorphism when
m = 0; in fact, it combines with the Zs of the previous paragraph to form a full Dy
symmetry group [158], though we will not need the full Dy for the purposes of this
thesis. The Zy needs to be respected by SUSY-breaking in the compactification, as

this prevents potentially dangerous operators.
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The NSVZ exact beta function for SQCD with N colors and F' vector-like flavors

is [167]:

dg 9> BN-F(l-9)) _b¢° 1
=% _ = 5.38
Po =10 = " 16m2 1 £ 16m21 — 2 (5.38)

where 7 is the anomalous dimension of a quark field, related to the scaling dimension
A of a field with engineering dimension d by A = d + %7. As with KS, there is a UV
fixed point when m = 0. There, the anomalous dimension of the quark superfields
are v = —1 [158,161], and there are two marginal couplings corresponding to a
two-parameter family of fixed points. Here, we choose to sit near the fixed point, so
;i = —% +0 (%) . The vanishing of the first-order term arises because of a symmetry
m — —m, n — n + m of the theory. For groups 1 and 3, we have n 4+ m colors, and
we effectively have 2n vector-like flavors. For groups 2 and 4, we have n colors and
2(n + m) vector-like flavors. To leading order in ™, then, we have bf = b5 = —3m
and 05 = b5 = 3m. Thus, gauge groups 1 and 3 are UV-free, meaning that as we flow
into the IR, they confine at some scale |A;|, |A3| respectively. Groups 2 and 4, on the

other hand, are IR-free, so the gauge couplings flow towards zero as we flow into the

IR. As with SQCD, we introduce the holomorphic confinement scales

i6;

where 6; is the theta-angle of the i-th group and b; = —3N + F' is the one-loop beta

function coefficient. In our model, we have by = b3 = n+ 3m and by = by = n — 2m.
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If we impose for our UV-free gauge groups g; 3 = go at it = puo, we reach a Landau
pole as we flow into the IR at u = |A|, where

82

A = poe > (5.40)

The parent KS theory has an RG cascade, where one performs a Seiberg dual
on the confining gauge group and continue flowing into the IR [168]. The orbifolded
theory we’ve constructed inherits this RG cascade when ¢; = g3 and gs = g4. The
dual theory is identical to the original theory, with n + m replaced with n — m, the
U(1l)p and U(1)4 charges rescaled, and the coupling A inverted. The case where
the gauge couplings do not start out equal results in a dual theory which is not
self-similar [161-163], but this is not relevant for our purposes.

We list the field content of the dual in table , where G 3 are SU(n—m) and B,
A, etc. are again U(1)s. The charges under the U(1)s were determined by anomaly
matching. The SU(2);, SU(2), and U(1) g anomalies should match exactly. From the
point of view of groups 1 and 3, groups 2 and 4 are flavor symmetries, and therefore
we should match those anomalies as well. However, the U(1)g,, U(1)g,, U(1)4 and
U(1)g symmetries are anomalouﬂ therefore, we only require the anomaly coefficients
to match up to actual symmetry transformationﬂ [169]. The U(1)g is broken to Za,y,,

and U(1), is broken to the intersection of Lig(ngm) and Zy,. That intersection is Zy

80f course, U(1) 4 isn’t even a symmetry in the first place; regardless, it’s a useful check to match
anomaly coefficients.
9In order to utilize the results of [169], one needs to rescale U(1) charges to be all integers.
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Field | G| | G2 | G5 | G4 | SU(2), | SU22)2 | B By | Bgp A R
¢ |O|1]1|O] 2 1| s om0 | ommo |
Q@ [O|O|1|1] 1 2 | -mm) o0 | mm| ommo| g
Q |1|o|O|1]| 2 Lo | wEmndm )0 | mm |
Q |1]|1|olo| 1 2 | -mm) o0 |-mmlommo | g
My, 1 (O 1|0 2 2 0 0 0 2 1
M3, 101 |0 2 2 0 0 0 2 1
N 1| 1]1]1 1 1 0 0 0 —4ntm 0
Ags | 1|1 |11 1 1 0 0 0 | 4niEm | _om
A 111 1 1 0 0 0 |4n+m)| 2m

Table 5.6: The representations of the fields in the orbifold of KS after a Seiberg dual.
G and GY are SU(n —m), Gy and G4 are SU(n), and B, B4, Bg, A and R are all

U(1)s.

when n + m and n are coprime, but is Z4 for some natural number k£ when n +m

and n are not coprime. Finally, note that we don’t need to match anomalies with

gauge groups 1 or 3, because the anomaly matching trick would require the addition

of spectators that were charged under those groups, which changes the details of

the confinement. Up to the above caveats, all anomaly coefficients match, lending

credence to the idea of a duality cascade.

In the dual theory, there is a superpotential inherited from the original theory,

which is self-similar after integrating out the mesons:
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W = NegenTr (Q Q5 Q5 Q)7) (5.41)

Now, groups 2 and 4 are UV-free and groups 1 and 3 are IR-free, and so the
cascade continues until we cannot dualize any more, at which point the story plays
out in a similar fashion to KS, with the deformation of the complex cone and the
introduction of an ADS superpotential.

Such a duality cascade, complete with chiral symmetry breaking in the IR, is a
fantastically rich IR, with lots of opportunities for model-building.

As with supergravity, we can classify operators by setting m = 0 and studying
their quantum numbers in the high-energy theory. The allowed operators fall into
representations of the superconformal symmetry algebra su(2,2|1) plus the global
symmetry algebra su(2)+su(2)+u(1)g. Note that we ignore the global baryon number
B, as all combinations of the fields which are gauge-invariant are automatically B-
singlets. Chiral primary operators formed from various gauge and matter fields can

be determined at weak Couplingjﬂ and are subject to the following constraints:

e They must be gauge-invariant.

e The F-term equations of motion kill various potential flavor-singlet operators:

exA'BIAY =0 ¢ B'A'B' =0 (5.42)

10We are concerned with the spectrum at strong coupling; many of the operators we consider have
protected scaling dimension and therefore their fixed-point scaling dimension can be determined.
This approach misses possible mixing between various primaries and descendants, but these are
irrelevant for the purposes of spectroscopy.
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e The D-term equations of motion are

0="Tr (Tla(AZé_VQ/_li - BjGVQBj))

0=Tr(TY(A""A; — Ble™ "1 B))) (5.43)

telling us that the adjoint operators A'e="2A;— B7e"2B; and A'e"' A;— Ble~V1 B;

vanish in the supersymmetric vacuum, and only the associated singlets can be

used to build operators. However, other than these operators themselves, any

other operator we could build from them will necessarily be double-trace, and

therefore irrelevant to our discussion.

e The super-equations of motion reduce the number of chiral primaries. They are

D?*(e™"2Ae*") =0 D*(e™"'Be") =0 (5.44)

e One must consider that various “commutator” operators may not, in fact, be

chiral primarieﬂ due to superspace identities such as

WioAB — AW, B = —izﬁ (e7V1Dq (e Ae™"2) €2 B) (5.45)

e The one-6 components of the W are real; therefore they equal the one-6 com-

ponents of the W:

D*W, = DgW* (5.46)

Superfields have protected scaling dimensions if they fall into one of the following

categories:

1A more accurate way to phrase this would be to say that these operators are D-cohomologous

to zero, or that they vanish in the chiral ring.
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They are chiral; Dy X = 0.

They are semichiral; D(O"Xﬁi..ﬂn)ﬁ = 0.

1.e-

They are conserved; DX, 4. = D*X, 4. =0or D*X, =0.

°
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The classification of the operators in KW was carried out in [160,/164}|165]; we
list the results for the chiral primaries with scalar components which have scaling
dimension A < 4, using the convention (j,[,7) for the global quantum numbers
to match the supergravity solutions. Note that non-real operators have hermitian
conjugates with (j,1, —r) and the same A which are excluded from the below list for
brevity. This list can be found in table |[5.3.3] matched to their dual supergravity

modes.

5.3.3 The AdS/CFT Matching

We have explored the matching of all SUGRA perturbations and SCFT primaries
with A < 4 in table [5.3.3] In order for an operator to be dangerous to us, it must
be a GSRO and furthermore be even under the orbifold action A — —A, B — B.
Furthermore, it must be even under the two Z, symmetries described above. Such
a GSRO could be a singlet relevant single-trace operator or a double-trace operator

which is the square of a (non-singlet) single-trace operatoriT_Z] with A < 2. We see that

12The double-trace operator will have an anomalous dimension, but it will be O (%) and so we
ignore the correction.
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there are no such operators of either kind in the spectrum, and therefore the complex
cone over [y exhibits accidental SUSY.

Note that in KW and its orbifold, the R-symmetry is exact. However, instantons in
KS break this symmetry, and therefore could presumably induce dangerous operators.
We treat operators in the UV, KW limit, and so we should not expect to be able to
generate operators which violate the R-symmetry. Even if we were to discuss operator
perturbations to KS, though, for m > 2, a group larger than R-parity is preserved,
and so instantons would not be able to generate any operators in the superpotential

that would threaten to destabilize the hierarchy.

5.4 Conclusions

In this work, we have demonstrated that a SUSY-preserving Zs orbifold of the
noncompact Klebanov-Strassler theory admits accidental supersymmetry. This the-
ory can also be described as type I1B string theory propagating on a deformed complex
cone over [Fy. We were able to describe the space of UV Lagrangian deformations of
the dual gauge theory by studying classical perturbations to the KW theory, and
using the AdS/CFT correspondence to match those perturbations to operators in the
gauge theory.

The theory discussed in this chapter is over a noncompact Calabi-Yau, meaning

that the theory does not have dynamical four-dimensional gravity. This is not a
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problem from the point of view of attempting to exhibit any UV-complete model of
accidental SUSY, but one might hope to incorporate 4d gravity in more realistic string
models which reproduced the MSSM or the natural SUSY spectrum. Due to a no-go
theorem, a compactification to four dimensions is best described in the language of
F-theory. In that language, the model described in this paper is an effective, local
description of the warped throat present in the full compactification. By allowing
for non-normalizable perturbations in supergravity, we systematically allow any and
all operators respecting the Z, symmetries described in [5.3.2] knowing that all such
operators cannot effectively transmit SUSY-breaking.

In future work, we plan to pursue the question of constructing an F-theory model
which reproduces the model in this paper in some local patch of the base of the
Calabi-Yau fourfold. It is not immediately obvious that such a fourfold should exist,
but the existence of F-theory models such as described in [15,/153] gives us hope that
it is feasible. One would like the F-theory compactification to satisfy the following

checklist:

e [t should contain a warped throat which supports an adequately large hierarchy,

meaning that the Euler number of the fourfold should be sufficiently large.

e [t must respect the two Z, symmetries described in section [5.3.2] which are

necessary to protect against GSROs.

e Compact Calabi-Yaus do not possess continuous isometries, and so we must pre-
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serve a sufficiently large discrete subgroup of SU(2) x SU(2) x U(1)g to prevent

those non-global singlet operators described in from being generated.

e We must break SUSY in the bulk of the Calabi-Yau.

There are, of course, the usual worries about moduli stabilization; we assume
that the F-theory fluxes stabilizes the moduli of the compactification. It would be
interesting to explore general string corrections to this model; in particular, it would
be interesting to see how the no-scale structure is broken in relation to the length of
the throat that can be generated.

Another interesting direction for future work is related to the presence of a mass-
less scalar glueball in the field theory on the baryonic branch of the moduli space in
KS [170], dual to axionic D-strings. More generally, this is related to the existence
of a one-parameter family of solutions that KS belongs to [171]. It would be inter-
esting to explore the orbifolds of this family and see how well SUSY-breaking can be

transmitted.
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Scalar O ‘ Type ‘ Zo ‘ Orb. ‘ A ‘ SUGRA ‘ (g, l,r) ‘

I - E Y 0 Vac. (0,0,0)
Tr(AB) Chiral E N 1.5 D_ 4,3, 1)
Tr(AB)y2 Chiral E N 2.5 G :.1-1
Tr(AeV1Ae= V2 — BeV2Be™ V1) Cons. o Y 2 Gif (0,0,0)
Tr(AeY1Ae™V2 — BeY2Be™ V1) 5 Cons. o Y 3 G (0,0, —2)
Tr(AeV1 Ae—V2) Cons. - Y 2 D_ (1,0,0)
Tr(AeV1 Ae™V2) o Cons. - Y 3 G (1,0, —2)
Tr(BeV2Be V1) Cons. - Y 2 b_ (0,1,0)
Tr(Be"2Be™ V1), Cons. - Y 3 G (0,1, —2)
Tr(ABAB) Chiral E Y 3 D_ (1,1,2)
Tr(ABAB) 42 Chiral B Y 4 Gl (1,1,0)
~ Tr(ABe~V1BAe"1) Long E Y 3.29 b_ (1,1,0)
Tr(AeV1 ABAe~V2) Cons. - Y 3.5 o 2.3,
Tr(BeV2BABe™ V1) Cons. - Y 3.5 P_ (%A,%,l)
Tr(Wia AB + AWso B)g Chiral E N 3.5 ci! I I
Tr(WiaAe V2 AVl + Woge V2 4eV1 A)g Semicons. - Y 4 Gél (1,0,0)
Tr(Wiqe Y1BeV2B 4+ WaaBe Y1 BeV2)y | Semicons. - Y 4 Gif (0,1,0)
Tr(WE + W) Chiral E Y 3 allt (0,0,2)
c (é + é) =Te(WE + W3),2 Chiral E Y 4 T (0,0,0)
Tr(WE — W3) Chiral [¢) Y 3 h (0,0,2)
C (ﬁ - é) =Te(WE — W), Chiral o Y 4 Ay = wy (0,0,0)

Table 5.7: A matching of SUGRA and SCFT scalar modes with A < 4. The columns
include: scalars in their respective superoperators, why their dimensions might be
protected, whether they are even under the outer Zs-automorphism of KW, their
symmetry structure under our orbifold, their scaling dimension, what mode they are

dual to in SUGRA, and their quantum numbers under SU(2) x SU(2) x U(1)g.
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Chapter 6

Looking Forward

This thesis has concerned itself with the subjects of natural and accidental super-
symmetry (SUSY), and the potential for interplay between them. This interplay goes
hand in hand with the interplay between the little and big hierarchy problems. Natu-
ral supersymmetry solves the little hierarchy problem, and accidental supersymmetry
generates radiatively stable little hierarchies while also solving the big hierarchy prob-
lem. We have studied the consequences of both of these mechanisms, how accidental
SUSY could give rise to natural SUSY, and how accidental SUSY could itself be
realized in type IIB superstring theory.

There are many reasons to look forward, and a great deal still to be done. Some
possibilities for future research directions include the following:

1: There are many corners of the natural SUSY parameter space, especially in the

BNV framework, which CMS and ATLAS are currently blind to. One example of
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a robust signal would be the chain decay ¢ — b(x* — jjj). As the chargino is a
color singlet and has the potential to be at least mildly boosted, this decay is ideally
suited for a study of new soft substructure variables tracking color flow. Furthermore,
decays such as b — b(x" — t*t* — jjbW have the potential to be long-lived for even
moderate values of \” ~ 1072, opening up the exciting possibility of using displaced
vertices to search for such events. Exploring the phenomenoloy of these signals and
more at the LHC would be a promising and exciting way to search for natural SUSY.
2: On the RS front, there are a number of issues to be made more concrete, such as
radius stabilization and a parameterization of graviton and graviphoton contributions
to the Higgs mass. Furthermore, it would be very exciting to study accidental SUSY
in BSM models, as this could potentially imply exciting new signatures at the LHC as
well, perhaps due to an interplay of supersymmetric and extra-dimensional dynamics.
3: It would be exciting to search for a realization of accidental SUSY in F-theory, as
discussed in the previous chapter. Furthermore, it would be interesting to see what
we can learn about the possibility of accidental SUSY by considering complex cones
over del Pezzo surfaces, which admit a warped throat.

4: Finally, it would be very exciting to have a sense of how “generic” features such
as warped throats or accidental SUSY are on the landscape, defined in relation to
the number of critical points with high-scale SUSY-breaking and a finely-tuned elec-
troweak scale. We hope that tests of warped throats or accidental SUSY can be devel-

oped and utilized to scan the landscape, in a similar spirit to the surveys of [172-174].
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This could serve as inspiration to pursue the idea of naturalness further at the 14 TeV
LHC and beyond, as well as open new chapters in the field of string phenomenology.
It would, of course, be fantastic to discover signs of natural SUSY, KK modes or

even strings at the LHC14, and the author looks forward to what the future holds.
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Appendix A

Notations and Conventions

We set h=c=kp =1. We use v ~ 246 GeV and M, ~ 1.2- 10" GeV.

In 4d and 5d, we use the mostly-minus metric signature sign(goo) = 1, sign(g;;) =
—1 (no summation). In 10d, we use the mostly-plus metric signature sign(goo) = —1,
sign(g; = 1) to allow for a positive-signature metric on internal spaces. We always
sum unless otherwise specified. Consequently, we use P&S conventions for canonical
kinetic terms.

Groups are capital (e.g. SU(2)), whereas the corresponding algebras are lower-
case (e.g. su(2)). We abuse notation and denote the representation with the same
letters as the basis elements of the algebra, and we use numbers denoting the size of
representations to refer to the entire representation. We use both the spin label (e.g.
1) and the dimension label (e.g. 2) to refer to SU(2) representations, as which one

we're using is clear from context.
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When giving nonvanishing Christoffel symbols, we give half of them; e.g. T}, = 2
implies T'}, is also z. We do not write vanishing Christoffels.

We always conjugate fermions so that all Weyl fermions are left-handed.

We often use the following conventions for indices: p is usually a 4d Lorentz index.
M is a 10d index. m is an internal index, sometimes spanning the five-dimensional
horizon and sometimes the entire threefold. m can also refer to indices on a general
manifold. 7 is not an index and refers to the radial direction. « and & refer to 4d
spinor indices, generally on superspace. We use Wess and Bagger conventions for
superfields, up to our choice of metric.

In four- and five-dimensional theories, all gauge bosons A, have associated field
strengths with the same letter but an additional index; e.g. A,,.

d*x is shorthand for da® A da' A dx? A da3. Kk, o and g, are related by 2x? =
(2m)7a’*g2. We set the string length I, = 1 (o’ = 1) at times in chapter 5, and other

1

times set Raqs = 1, depending on which leads to cleaner formulae. g, = (€?) = ().

Im7
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Appendix B

Relevant Mathematical Results

B.1 Groups, Algebras and Representations

There are two important numbers that we can associate with an irreducible repre-
sentation (“irrep”) of a Lie algebra; these are the quadratic Casimir Cy and the index

of the representation 1. These are defined in terms of representation matrices 1" by

1515, = Caoix (B.1)
To(T°T") = T6% (B.2)

These are conventions which can be changed by simply rescaling generators. Of
course, these numbers may differ from irrep to irrep. We list some important values

of these for important irreps of su(N):
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Irrep | dim(r) | Co(r) | T'(7)

1 1 0 0
O N A R [

2N 2
= N2-1 1
0 N 2N 2

Ad | N* -1 N N

B.2 Differential Geometry

The N-bien (where N is the German word for the number which is the dimension

of the space) is defined by

G = Nab€jCy) (B.3)

The Levi-Civita connection coefficients are defined as

1 @
F;);y = ég)\ (a,ugl/a + aygua - 8ag;w) - Fi\ﬂ (B4)

where ¢ is the inverse metric, defined by ¢g* g, = d4.
The covariant derivative acting on covariant vectors can be expressed in compo-

nents as

V¥ =0 + T 0" (B.5)

and on oneforms as
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Vv, = 0v, — F,‘jyva (B.6)

The covariant derivative acts in a similar way on tensors, picking up a + for ev-
ery swapped upstairs/covariant index and picking up a — for every swapped down-
stairs/contravariant index.

The Riemann tensor provides a measure of the intrinsic curvature of the space. It

is defined by

RpMV = o\, + 15,17, — 8V1“§u -7, IS, (B.7)

Ao~ v

It is a measure of the failure to close of two parallel transports along different paths.

It has a natural contraction, the Ricci tensor,

Rl“’ - R)\N)\V (BS)

which appears in the Einstein equation. It can also be contracted to give a Lorentz

scalar, the Ricci scalar,

R=¢"R,, (B.9)

which makes its appearance in the Einstein-Hilbert action.
Spaces can have isometries; these are defined by a particular kind of vector field.

These vector fields satisfy the property that when you drag the metric along them,
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the metric remains invariant. Such a vector field is called a Killing vector field; the
precise statement is that the Lie derivative of the metric along v, the Killing vector

field, vanishes;

L,g=0 (B.10)

In components, this becomes the Killing equation:

2V 0y = Vv, +V,u, =0 (B.11)

Vector fields which satisfy the Killing equation are isometries of the space.

The wedge product on p-forms is

ro= P (aep-fea) (B.12)
T+ “ '

We define p, to be the number p on a p-form «. The wedge product on an n-

dimensional space satisfies the useful identity

aNp=(—1)PP BN (B.13)

We define the privileged top-form

w = /det|g|dz' A ... Adz" (B.14)

The exterior derivative d satisfies the identity
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dlaNB)=daNp+(=1)PPeandS (B.15)

Suppose we have a p-form with components oy, ..q,- Then the components of the

Hodge dual form *« are

V det ‘g‘ a1by

<*Oé)cl---cn7p = p' aal---apg s gapbpgbl---bnfpcl---cp (B16)

where ¢ is the Levi-Civita symbol. Note the following properties of x:

x1 =w (Bl?)

sk = (—1)5TPaln=paly (B.18)

where s is the sign of the determinant; in other words, it is 0 if there are an even

number of minus signs in the signature and 1 otherwise.

aAx*B =B Nxx (B.19)

The codifferential d' which takes p-forms to (p — 1)-forms is

dh = s 1dx (B.20)

The Laplacian takes p-forms to p-forms:
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O=dd + d'd

p-forms which satisfy Oa = 0 are called harmonic forms.

B.3 Grassmann Variables

(B.21)

We follow Wess and Bagger conventions for fermionic coordinates on superspace:

0% = 00 = 00,
1
00" = —5?
02 = 00 = 00,
_ 1
Hd 5 = —55515
e?=1 €iy =1

1
d*0 = _Zgaﬂdeadeﬁ

_ 1 .. - _
20 af .
&0 = —7=4df.d0

[eoer—1  [eae -

d*0 = d*0d*0
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Appendix C

Relevant Physics Results

C.1 Introduction to SUSY

A supersymmetry is a spacetime symmetry of a manifold which is generated not
by a killing vector field, but rather by a killing spinor field. Consequently, a su-
persymmetry is a fermionic symmetry of the theory. A killing spinor is a spinor v
which, when Lie transported along any vector field X, is invariant (Lxv¢ = 0). In

components, this means

1
Vit =0 = 3mw1wmab7“bw (C.1)

a

where w4 = —% (Qmab — Qabm + Qpma) 18 the spin connection and Q¢ is 0,e%, —

Omes. e is the N-bien, a and b are tangent-space indices, and m and n are indices of

vectors on the manifold.
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In R", Q = 0 and so V,¢ turns into 9,1, solved by any constant 1. As with
killing vectors, the generators of isometries close into an algebra. However, as the
killing spinors are fermionic, the algebra must be graded. The basis elements of the
superalgebra transform in the spinor representation on the manifold, and so on R
we have left-handed and right-handed Weyl fermion generators @, and Q<.

Vi = 0 implies [V,,, V.|t = 0. However, the latter is R,np,7"91), where 7?4 =
(77, ~9] is the commutator of elements of the Clifford algebra. It can be verified that
RpnpgyP? = 0 implies R,,, = 0, or the Ricci curvature of M vanishes. This follows

from the Clifford algebra identity

VP = A gy — gty (C.2)

and the Bianchi identity for the Riemann tensor. Note that on Ké&hler manifolds,
the statement that the manifold is Ricci flat is equivalent to the statement that it is
Calabi-Yau by Calabi’s conjecture, proven by Yau.

A theorem by Haag, Lopuszanski and Sohnius argues that the only consistent
superalgebra which acts on a manifold that admits a consistent quantum field theory

is known as the supersymmetry algebra,
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{Qa Q') = 200, P.0""
{Q%? Q]ﬂv} = gaBZMN

{Qa, Q) = £,52"" (C.3)

with all other supercommutators except those defining the Poincaré algebra vanishing.
M and N run over the number of supersymmetries N/. Z is an antisymmetric matrix
of central charges. In practice, N' must be less than 9 for the spectrum to not need
to contain particles of spin greater than 2 or less than 5 for the spectrum to not need
to contain particles of spin greater than 1. We will primarily focus on the N' = 1
algebra in this thesis, and so there is no central charge.

The N = 1 supersymmetry algebra admits a representation on the superspace

R34 The representation is

Qa = a;ga - iagdédau (C4)
~é d o p_Ba
Q* = 0. 0% € Oy (C.5)

These satisfy {Qa, Qs} = 2i0%;0, as required. In addition, we can introduce the

covariant derivatives

Da = 5o+ io”.0%0, (C.6)
D — —% 0% 9, (1)
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which anticommute with @ and Q.

In order to have a supersymmetric quantum field theory, we obviously need su-
persymmetry to be a symmetry of the ground state |2). This is the statement that
finite supersymmetry transformations leave |Q2) invariant, or equivalently, that ¢ and

@ annihilate |Q):

FEHEO) = |0)  « Q) =Q|2) =0 (C.8)

Since there is a natural representation of the supersymmetry algebra on super-
space, one might hope that in order to develop N/ = 1 supersymmetric QFTs, one
should consider fields which themselves live on superspace. Such fields are known as
superfields. Because of the finiteness of the Taylor expansion, we can write out the
expansion of a scalar superfield in terms of component scalar, spinor and vector fields
on R, The two important kinds of superfields for us are the chiral superfield ®
satisfying D,® = 0 and the vector superfield V satisfying V = V1. Chiral superfields
are appropriate for holding the matter of a theory, and vector superfields contain the

gauge sector of a theory. These have the following Taylor expansions:

O = ¢+ V200 + 00F (C.9)
_ . 1 __
V = 00"0A, +i000\ — 1000\ + 50000D (C.10)
where we have used supergauge transformations to gauge away unphysical degrees of

freedom in the vector superfield. A is the “gaugino”. The top component of & and V'
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are respectively called the F- and D-terms; if either has a VEV then supersymmetry
is spontaneously broken.

In addition, there can be spinor and vector superfields; for example, the graviton
in supergravity lives in a vector superfield. We will not need this formalism much in
this thesis, except for the (chiral) field strength superfield, which is defined differently

for Abelian (A) and non-Abelian (N A) gauge groups:

1 j s
WA = —1DDD.V = —ide + (551) - %(aﬂa—'f)aﬁFW> 05 + 005" ,0,2*  (C.11)
1 ' .
WwhA = —ZDD(e_VDaeV) = —idg + <5§D — %(a“a")aﬂFW> 05 + 005" D, N\

(C.12)
where in the second equation, fields are matrix-valued and derivatives are now gauge-
covariant.

Superfields are closed under multiplication, and products of chiral superfields give
another chiral superfield.

By acting with a finite supersymmetry transformation on our superfields, we trans-
late 6 to 8 + . By collecting terms again by powers of 6, we can instead say that
each component transforms under a supersymmetry transformation. It can be verified
that the top component of a general superfield is supersymmetry-invariant up to total

derivatives and equations of motion. This is true because d*f-integration is defined
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to be supertranslation-invariant, and this integration picks out the top 6-component
of a superfield. Similarly, a change of spacetime variables z# — y* = z* + "0
leaves chiral superfields -independent, and so d?6-integration again picks out a
supersymmetry-invariant piece of a chiral superfield.

We demand that the Hamiltonian of our QFT be hermitian so that the time-
evolution operator is unitary; with these restrictions in mind the most general La-

grangian for a supersymmetric QFT is

L= /d40 K+ (/ 420 W+h.c.) (C.13)

where K is a real function of the superfields known as the Kahler potential and W is
a holomorphic (chiral) function of the superfields known as the superpotential.

Supersymmetric models often come with an R-symmetry; this is a global symme-
try U(1)r which is gauged in supergravity where Q and @ themselves have charge
—1 and 1, respectively. This gives # and 6 charge 1 and —1, and therefore df and df
charge —1 and charge 1. Therefore, if a superfield has charge r, its bottom component
will have charge r, its 1-0 component will have charge r + 1, etc. The superpotential
W has R-charge 2.

It is possible to spontaneously break SUSY in one sector of the theory and transmit
it to another sector of the theory. In these cases, SUSY-breaking can be parameterized
by spurions which only possess constant F' or D terms, and no propagating degrees

of freedom. SUSY-breaking is considered to be soft if the coefficients in front of
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the SUSY-breaking terms in the Lagrangian have positive mass dimension. Since in
perturbation theory, SUSY-breaking operator insertions place the coefficient in the
numerator instead of the denominator, as we take the coefficient to zero, we recover
the supersymmetric result. This is what we want, because as we zero our F and
D terms, our spurions must vanish as well. The converse is hard SUSY-breaking;
an example would be a SUSY-breaking scalar quartic, which may not decouple as
SUSY-breaking is turned off. An example of a hard SUSY-breaking is explicit SUSY-
breaking in the Lagrangian.

If Lorentz symmetry is gauged by the graviton, then SUSY, being a spacetime sym-
metry, is also gauged. Gauged supersymmetry is known as supergravity (“SUGRA”).
The graviton has a spin—g superpartner, the “gravitino”, which becomes massive after

eating the “Goldstino” of spontaneous SUSY-breaking.

C.2 Anti-de Sitter Space

The Einstein-Hilbert action for general relativity in five dimensions with cosmo-

logical constant A is

5= ﬁ / /G (R —20) (C.14)

Recall
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R=g"R, =g¢"R,, (C.15)
RP}MV = 8>\F,’ju + Fﬁafl‘fu — (91,1”’;“ — Fﬁgfiu (C.16)
5 1 7S 5
Faﬁ = 59 (669706 + 804957 - a’YgOé/B) = F,Ba (017)
The Einstein equation is:
1 2
R, — §Rg,w — kg =0 (C.18)

These have a static solution given by AdSs:

ds* = (1 + k:2r2) dt* — (1 + k2r2)_1 dr? — r2dQ? (C.19)

We will be doing physics on the Poincaré patch of AdSs, which is a coordinate

patch which covers one causal diamond of AdSs. The reason for this is that we

would like a dual CFT which is defined on 4d Minkowski space, whereas the spatial

boundary (r — o) of the full AdSs is S3. On this patch, which T will call PAdSs,
we can write the metric in the following two useful forms:

ds® (nuwdatdz” — dz?) (C.20)

T k2

ds* = e M, dztdr” — dy? (C.21)
where they are conformally related by z = %eky. These relate to the original metric
by
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o = LR (C.22)

which gives the right metric in the z < [ limit. We list for completeness the nonvan-

ishing Christoffel symbols on eqn. [C.20] with 0, 1,2, 3 referring to x¢, z1, T2, x3:

1

M =15 =T5 =1 (C.23)
The Randall-Sundrum framework is a framework where one studies physics on the
Poincaré patch of AdSs5, viewing it as a sort of linearization or approximation of a more
sophisticated geometry. One considers placing a “UV-brane” in the space, possibly
allowing fields and interactions localized to the brane, at z = ¢ (oftentimes treating
¢ = 0). Furthermore, we can consider placing an “IR-brane” at z = ¢, effectively
compactifying the space. We study physics on this slice of AdSs5, and do not consider
the rest of the space. As reviewed in chapter 1, fields living on the IR brane experience
a redshifting of energy scales. The presence of both branes allows for the existence of
a normalizable 4d graviton mode in the KK reduction of the 5d graviton, something
true more generally of compactifications of string theory. Removing the UV brane
and considering the infinite space all the way out to z = 0 prevents the 4d graviton
mode from being normalizable.

Let’s study a free scalar in RS. The action is

184



APPENDIX C. RELEVANT PHYSICS RESULTS

S = /d4a:dz\/§ (|0p®)* — M?|®|?) (C.24)

As a quick aside, the mass-squared of a scalar ® can actually be negative! It turns out
that this is okay; the theory does not have a vacuum instability so long as M? > —l%.
This is known as the Breitenlohner-Freedman bound.

Varying the action yields

O® + €220, (e 20, ®) + M2 2 = ( (C.25)

The action as stated has either Dirichlet or Neumann boundary conditions, (6090,P)¢ r =
0. At this point, there are two options; we can treat ® as a 5d field and derive its
5d propagator. This can be done, and yields the propagator discussed in chapter
4. Alternatively, we could KK reduce the theory to 4d and study the physics of the

infinite number of 4d fields. We proceed to do the latter. We assume a seperation of

variables
b(z,2) =Y 6™ (@) f(2) (C.26)
n=0
where ¢(™ satisfies 0¢™ = m2¢™, and O is now the 4d Laplacian. f is referred

to the wavefunction or profile in the fifth dimension. One can justify using onshell
wavefunctions in 5d right at or below around the scale of the first KK mode. Plugging

in, we get
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mae R f) 49, (e7 20, fM) + M2 f?) = (C.27)

This is a Sturm-Liouville differential equation; such an equation has infinite number
of eigenvalues m? which are real and well-ordered, and in addition, we learn that the

eigenfunctions are orthogonal. We choose to rescale modes such that

/ dze” 22 () FM (2) = 6 (C.28)
0
We write M? = ak?. The general solution for the Oth KK mode with m, = 0 of

eqn. is

f(O) (Z) _ 616(2—\/4—&-&)7; + 626(24-«/4—&-&)2 (C29)

This does not satisfy either Dirichlet or Neumann boundary conditions for any choice

of a. Therefore, we add boundary terms to the action

S = /d4:cdz\/§(26k) (6(2) — 6(z — 7)) |®|? (C.30)

with b = 2 £ /4 + a. The bottom mode now goes like e®*=1* (where the proportion-
ality constant can be determined by the normalization constraint eqn. [C.28 We see
that for b > 1, the scalar is localized towards the IR brane, b < 1, the UV brane, and

b =1, flat. For m,, # 0, the solution looks like
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f(n)(z) = N2k (JQ—b ( T ) + MY,y < Min )) (C.31)

ke—kz ke—kz
where b is determined by boundary conditions, N is determined by eqn. [C.28]

and in the kr > 1 limit, the m,, are given by

v4
m, ~ (n + 2+ ¢ 2) The ™" (C.32)

The fact that the masses of the KK modes are redshifted down implies that they
should be localized at the IR brane, which is indeed the case. Suppose in the 5d
picture, we had a coupling that looked like A\s|®|*. In order to determine the low-
energy couplings of, say, 2 Oth and 2 1st KK modes, one integrates out the extra

dimension;

M= [ OO O (C.39)
0

Note that ® has mass dimension %, ¢ has mass dimension 1, so f has mass dimension
£. A5 has mass dimension —1 so that [ d*zdzAs|®|* has mass dimension 0; this implies
that A4 will have mass dimension 0, as it should. The fact that we need a coupling
of negative mass dimension in 5d to generate a coupling which is marginal in 4d tells
us that we need a UV completion at the scale at which the EFT breaks down. That
scale will be, at most, the 5d Planck scale M5, implying the existence of new KK

modes at 4d scales no larger than ~ Mze ",
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A similar story exists for fermions and gauge bosons. However, spinors in 5d start
with 4 components; we must therefore use boundary conditions to project out the
massless states that we don’t want. The fermion mass is given by M = ck; upon
doing the same steps as with the scalar, one concludes that for ¢ > %, the fermion
is localized near the UV brane, and ¢ < %, it’s localized near the IR brane. The
massless mode of a gauge boson has a flat profile. What this means is that it will
have the same overlap with all states, since the coupling will always be bilinear in
fermions or scalars; pulling the same trick as above, we see that a flat profile can be
pulled out of the gauge boson-fermion-fermion or whichever coupling, and so we end
up with just eqn. as the overlap. Finally, there is a massless graviton mode in
4d; it is localized near the UV brane (as it should so that gravity is weak!). The KK
graviton is localized near the IR brane, and so it’s an exciting resonance to look for
at the LHC.

The SM in RS is interesting to explore; one could imagine wanting the top to have
a large yukawa coupling, and so you enforce a large wavefunction overlap between
the top and the higgs by localizing the top near the IR brane; conversely, if you want
very small neutrino masses, you could strongly localize the neutrinos near the UV
brane so that their masses are very suppressed. This is a rich and interesting tool for

model-buildling. There exists an RS-GIM mechanism in which FCNCs are suppressed

simply by wavefunction overlaps.
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C.3 Conformal Field Theory

The conformal transformation generators are spanned by the usual Poincaré gen-
erators P, and M,,, and in addition, there are two other generators D and K,
called the dilation or dilatation and special conformal generators, respectively. The

generators are

P, =10,
M,, =i(x,0, — x,0,)
D = iz"0,

K, =i(2%9, — 21,2,0") (C.34)

Computing commutators gives the algebra

[Py Myp) = i By — MupF)
(M Mpo| = i(p Mo — MupMue — Nvo My + Mue My,)
(K M) = 10 Ky = 0p K)
[P, K,] = —2in,, D — 2iM,,
[D, Pu] = —ib,
D, K, = iK, (C.35)
with all other commutators vanishing. This algebra is s0(2,4).
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The action of generators on dilatation eigenoperators is

[D,0]=i(-A+z-0)O
[P,, 0] =1i0,0
[, O] = i(x,0, — x,0, + £,,)O

[K,, O] =i(2*0, — 2z,x - 0 + 2z,A — 22%,,,)O (C.36)

Here, the ¥,,s are the representations of the pv-th generator of the Lorentz group.
Each ¥ is a matrix acting on the appropriate index of O, be it a spinor, vector, or
tensor.

Conserved currents in quantum field theories have protected scaling dimension

A = 3, and the stress tensor has protected scaling dimension A = 4.

C.4 The AdS/CFT correspondence

The AdS/CFT correspondence, as originally formulated, is the following state-
ment: SU(N) N = 4 super-Yang Mills in 4d is the same theory as type IIB superstring
theory propagating on AdSs x S® in the vicinity of N D3-branes. This equivalence is
quite shocking; it tells us that there are two descriptions of the same theory; one is
a four-dimensional conformal field theory (without gravity), and the other is a five-
dimensional string theory in AdS coupled to gravity, in the vicinity of five additional
dimensions. More specifically, there is a one-to-one map between states in the two
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descriptions of the theory. In particular, one expects there to be a map between
building blocks of the CFT (single-trace primaries, or STPs) and building blocks of
the AdS theory (strings, or in the low-energy limit, fields). The 5d masses of fields
are related to the scaling dimensions of the 4d operators. For example, for scalars,
I?M? = A(A —4), where the LHS refers to the AdS theory and the RHS refers to the
CFT. Correlators in the CFT can be recovered from correlators in AdS by a certain
limiting procedure where we drag correlators of fields to the boundary of the space.

Over the years, it has become apparent that this magic applies to many other
pairs of descriptions as well. Furthermore, there are many theories in which there
is an effective field theory description of the string theory (giving rise to something
akin to RS), and these have dual CFT descriptions as well. This effective language
involves there being a mass gap in the AdS description of the theory, dual to a scaling
dimension gap in the CFT. Furthermore, we can leave the fixed point in the CFT,
dual to deforming geometry to be not quite AdS anymore. This can be tracked down
by comparing the isometry groups of the theory; leaving a fixed point removes the
action of the CF'T algebra on the operators, and so we should not expect to find a
dual theory with AdS isometries anymore.

Distances in AdS are generically dual to energy scales in the CFT; e ¥ < 1. The
IR brane in RS therefore indicates the end of some AdS-like region, dual to the end of
a CFT-like flow. Therefore, we conclude that the dual theory sits at an approximate

fixed point. The energy scale that the IR-brane position is dual to indicates the
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compositeness or confinement scale of the dual quasi-CFT. BSM models in RS are
dual to composite Higgs models in 4d. Finally, general classical perturbations of the
AdS solution in AdS tell us information about deformations of the Lagrangian of the
dual theory.

It is understood that if one considers perturbative gauge symmetries in AdS, then
correlators of gauge bosons dragged to the boundary produce operators in the CFT
which are understood as global symmetry currents. Note that for full AdS, there is no
normalizable zero-mode in the 4d theory arising from the KK reduction of the theory,
but if we inserted UV and IR branes in AdS, we would indeed have a normalizable
zero mode, meaning the dual CFT would have a weakly gauged global symmetry. The
higher KK modes in the AdS description would be dual to the single-trace primary
conserved current. The protection of the scaling dimension of the conserved current
is dual to the gauge protection of the AdS gauge boson mass.

In a similar fashion, the 5d graviton in full AdS is dual to the stress tensor in the
CFT. Deforming the theory with an IR and a UV brane gives the graviton a normal-
izable zero mode in the KK reduction, and so the resulting theory has dynamical 4d

gravity.

C.5 IIB Supergravity

The low-energy bosonic part of the 10d supergravity action can be written as
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1
10 —2¢ " 2
S = 2/12 A x\/— ( (R+40M¢6 ¢—2 3‘H|>

1 1

1
4k

1
oW 5'|F5 —CgAH3+§BQ/\F3\2)>

— | Ca NH3 N F3 (C.37)

in what is known as the string frame. We can perform a transformation to the Finstein
frame, where the Ricci scalar is properly normalized, by a transformation g — e=% qg.

In this frame, and using the language of forms, the action becomes [175]:

S = 53 / d"z/—gR — <d¢ A xdp + €**dCy A %dCy 4 e~ ? Hs A xHj

1 - .
+e? (F3 — CoHs) A % (F3 — CoHs) + §F5 A *F5+ Cy N Hs A F3> (C.38)
where we have introduced the fiveform Fg, = F5— %Cg A Hsz + %BQ A F3, and expressed
things in forms. Note that the fiveform Fj is supposed to be self-dual, but this
constraint is to be placed on the theory at the level of the equations of motion, rather

than at the level of the action. The action is invariant under 10d diffeomorphisms as

well as the three gauge transformations

1
CQ — 02 —+ dAl, 04 — 04 + §A1 A H3 (039)

1
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The equations of motion can be obtained through a straightforward application

of the variational principle on the Einstein frame action, and they are [176]

gs€_¢ gs€¢

V2¢ = €220y Co0™M Cy — 5 | Hj|? + 5 | Py — CoHs? (C.42)
My 2 gse¢ [
VM (e20),Cp) = — o Hs - Fy (C.43)
d(xe?(Fy — CoHs)) = goF5 A Hs (C.44)
d* ((e7® — C2e? Hy — Coe?F3) = —gF5 A Fy (C.45)
dx Fy = —F3 A Hy (C.46)
1 e*? 9? ~ - PQRS
Ryn = §8M¢8N¢ + 76M008NCO + %FMPQRSFN

‘|—% (e_d)HMpQHNPQ + 6¢FMPQFNPQ> - %QMN (€_¢|H3|2 + 6¢|F3|2> (C47)

Here, we must impose self-duality of Fy. The difference between self-duality of Fj
and of F5 amounts to the presence of additional boundary terms in the action, which
do not affect the equations of motion. Although these equations of motion and the
Bianchi identities are consistent with self-duality, they do not imply it.

The Bianchi identities are simply the statement that exact forms are closed in the
absence of magnetic sources; dF3y = dH3 = dF5 = 0. However, these seemingly trivial
statements help in looking for gauge-invariant solutions to supergravity, because they

allow us to work directly with the field strengths.
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Finally, the action possesses an SL(2,R) symmetry, of which only a SL(2,Z) sub-
group is respected by the full string theory. The symmetry is best noticed by defining

the field combinations

T = Co + Z'€7¢ Gg = Fg — TH3 <C48)

Noticing that *1 = /—gd'°x, we can write the action in a very compact form

=52 - —

1 dr N\ xdT G3A*63 F5/\*F5 O4/\G3/\Gg
S = Rx1— - C.49
/ ( i 2(Imr)? 2Imr 4 4ilmT > ( )

In this form, we cannot simply vary the action to obtain equations of motion, but

we can see the SL(2,7Z) symmetry easily. The symmetry acts on fields as

b
SN (C.50)
CcT + ¢
02 a b OQ
N (C.51)
B, c e By
Gs
Gs — C.52
’ cT +e€ ( )
Iy — Fy (C.53)
a b
where € SL(2,7Z). For convenience, we record various other useful transfor-
c e

mation properties:
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atT+b

T — — (C.54)
cT +e
ImT
I _ .
mr — P (C.55)
ar— 9T (C.56)
(T +e)?
ir o T (C.57)
(T +e€)?
dxdr 2cdT N *dt
d*dr —= - :
war = (cT + €)? (e +e)? (C-58)
Fg a b F3
N (C.59)
Hg c € Hg
G 5 .60
3 cT + € ( )
d*G3—>d*G3 cdt N\ G (C.61)

cT+e (et + €)?

We would like to pass from the equations of motion for IIB supergravity in terms

of the fundamental fields to equations utilizing 7, G, Fs and hysy. This can be done,

and yields
2 .
— ——d1 A *d7T + 2id x dT = G35 A %G (C.62)
Im7

d ¢ -

TAKGs G G Ba Gy (C.63)
2ImT
= G3NGs
dx Fy =~ 20 (C.64)
R OmTONT G3MPQG3NPQ EsyporsFsy PORS B |G5? (C.65)
MN = (Tmr )2 ATmr 96 IMN 4 &Tmr '
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Under a modular transformation, the first of these equations transforms by multiply-

ing the entire equation by m The second equation becomes multiplied by

1
cr+e’

The third and fourth are invariant under modular transformations. The rewritten

Bianchi identities are:

= G3A\Gs
dFy =~ (C.67)

We again must impose by hand that Fy = %Fy. We often work with the metric and

fiveform flux ansitze

ds? = e*n,, datde” + e 2 (dr® + r’dsi..) (C.68)

Fy = (14 *)da A d*z (C.69)

C.6 The Conifold

The conifold is a noncompact Calabi-Yau threefold, given by the real cone over

T41. The conifold is the subspace of C* satisfying

Z 2=0 (C.70)
After a linear change of variables
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Zl =21+ ’iZQ ZQ = Z1 — iZQ Zg = iZg — Z4 Z4 = ’iZg + 24 (C?l)

this is brought to 7,7, = Z3Z4, which can be solved by

ToYo = Z1 Toyr = Za Yo = Lz Tiy1 = Lo (C.72)

where however we must mod out by points in z and y which describe the same Z

coordinates; this corresponds to the equivalence relations

T ~ e, yi ~ ey (C.74)

where A is positive. In order to determine the geometry of the space, we recognize
that the space is a cone with a finite 5d space as its transverse space. We study that

by picking some distance out on the cone and studying the resulting space; we pick

1
}i el = 5 (C.75)

In terms of the z;, y; this condition reads

(Izol* + 1 ") (lyol* + [1a]*) = 1 (C.76)

Since we have a rescaling equivalence between x and y, we can fix both z and y to

be of length 1;
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|zo|® + |21]* = 1 ol + |y > =1

modulo the phase equivalence relation. In terms of the real coordinates

%0:a1+ib1 .T1:C1+’id1 y0:a2+ib2 y1:C2+id2

this is the two equations

al+bi+c+di=1

(C.77)

(C.78)

(C.79)

The horizon in question is called 71!, and is therefore the space of S%x .53, modded

out by an equivalence relation describing a U(1), which we will ultimately orbifold

by a Z,. Each S is readily solved and parameterized by

0;

a; = cos — cos f3;
2
0; .

b; = cos E) sin 3;
0

. (3
¢; = sin E) COS 7;

d; = sin EZ sin v;

(C.80)
(C.81)
(C.82)

(C.83)

where each 6 runs from 0 to 7 and S runs from 0 to 27 and we choose the range of

7 to be from —7 to w. These are Hopf coordinates on the S2, and the corresponding

induced metric from R* is
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1 0; o0
ds? g = Zd&? + cos? Edﬂf + sin® Ed’yf (C.84)

where 7 is 1 or 2 and Ind indicates that we're looking at the induced metric from R*.
In order to describe the modding out by U(1), it’s more convenient to switch to
coordinates 3; = %(1/11 + ¢;) and y; = %(wz — ¢;), where ¢ and ¢ run from 0 to 2.

The U(1)-equivalence is

(B, B2,72) ~ (Br + o, +a, B2 — a, 72 — ) (C.85)

or, in terms of ¥; and ¢;, that ¢, ~ 1 +a, ¥y ~ Ps—a and ¢; are invariant. Therefore,
it’s helpful to introduce two coordinates ¥, = ¥ = ;1 + ¥y and Y_ = P, — hs.
Therefore, 1 is invariant under the equivalence and has a range from 0 to 47 and
Y_ = 1_ + 2. However, the metric we will use on this 6d space has 0, as a killing
vector, and so we are free to use the equivalence to gauge-fix ¥»_ to 0 and study the
resulting space.

The induced metric in these coordinates that one would like to study can be

written out explicitly by using the above equations:

1 1 0. 1 0.
2 Lo Lo 2l N2 bl N
dst,g = EZ 4d¢91 + 1 cos 5 (dip; + doi)” + 1 sin 5 (dip; — dopy;)

1/1
=cr (§d¢2 + dO; + dO3 + dé; + dpy + (cos 01dgy + cos 92d¢2)dw> (C.86)
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where the subscript GF' indicates that gauge-fixing v~ happened between the two
equalities.
However, in order for the cone over the horizon (the 6d space) to be Calabi-Yau and

admit a Ricci-flat metric

ds* = dr® + r?ds%, (C.87)

it must be the case that ds? is an Sasaki-Einstein metric, meaning Ry;x = (d—2)garn-
Therefore, we’d like to not use the induced metric on this space, but a different metric
with however the same topology. This can be accomplished by rescaling ds?,, by %
and adding a term which does not change the topology to the metric; we’ll call this

Ads?. The resulting metric for the horizon is

ds3 = =ds3,; + ~Ads? (C.88)

Ads? = _}l(dw + cos 01dgy + cos Oydgy)? (C.89)

The resulting Sasaki-Einstein metric can be written in terms of ¢, ¢; and 6; as

1 1
ds%, 9 (dip + cos 0yd gy + cos Oadpy)? + E(def +sin? 01d¢? + db3 + sin® Oydg) (C.90)

making manifest the S! fibration across S% x S%. The metric can be rewritten diag-

onally in terms of globally-defined one-forms g¢; 5, related to the coordinates above
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by

1
g1 = E (— sin 61 dp; — cos 1 sin Oy dps + sin dbs) (C.91)
gy = % (df, — sin v sin Ordpe — cospdls)
g3 = % (—sinO1dgy + cos 1 sin Oaddy — sin dbs)

gas = % (d91 + Sinlp sin 62d¢2 -+ cos ¢d92)

g5 = d) + cos 01d¢y + cos Oadps

The metric in these coordinates is

1
ds’ == (97 + 93 + 95 + 01) + 505 (C.92)

9

=

The orbifold we study is z; ~ —z;, which maps to Z; ~ —Z;. This can be solved
by either z; ~ —x; or y; ~ —y;; the free Z, orbifold of either S®. Clearly, as a = 7
is the equivalence relation sending z; — —x; and y; — —y;, we can always shift it
to the other by means of the equivalence relation. This means sending one vector
(a;, b, ¢i,d;) in R* to minus itself, while keeping the other intact. Without loss of
generality, let’s choose this to be z;; i.e. the first S®. This can be accomplished by
sending (ay,by1,c1,d1) = —(aq,b1,¢1,dp), or in terms of the angles, 81 — 1 + 7 and
v1 — ¥1+m. Both of these can be accomplished by sending ¢y — 11 + 27 and leaving
¢ invariant. Therefore, we're identifying ¢ ~ ¥+ 27 and ¢_ ~ ¢_ 427, but the latter
is absorbed by a gauge identification, meaning nothing happens. Therefore, the only
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effect in terms of our final parameterization is the shrinking of the range of ¢ from
0 < <4mto 0 < < 2w, halving the volume of the manifold.

Finally, as all of the one-forms g; on the manifold are functions of cos v, sin ¢ and
di, and all of these are even under the orbifold action, it follows that all one-forms
g; are even/invariant under the orbifold action, and any flux such as F3, Hs or Fj
constructed from these g; are also even under the orbifold action, preserving them
under the orbifold. Consequently, the KS solution is even under the orbifold.

Topologically, T1! is S? x S3; therefore we expect its homology groups to be
Hy = H, = Hy; = H; = Z, HL = H; = 0. By Poincaré duality, we expect the
cohomology groups to be HY = H?> = H3 = H® = Z, H' = H* = 0. The second and

third cohomology generators of T are

1
W2 = g1 VAN g2 + gs N gs = 5 (Sil’l 01d91 VAN d¢1 — sin 62d92 N d(bg) (C93>
W3 = g5 A W9 (094)

Other elements are not in the cohomology because of identities such as

sin 01d01 A d¢1 + sin egdgg VAN d¢2 = —dg5 (095)
95 N (g1 AN ga— g3 A ga) =d(g1 Ags+ga A ga) (C.96)
g5 N (g1 ANgs+ g2 Aga) = —d(g1 A g — g3 N ga) (C.97)

Finally, the fifth cohomology generator is the volume form of 7!, which is
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1 1
Wy = ﬁ(&)z A W3 = m sin 61 sin egdw A d91 A d(gz A d¢1 VAN d¢2 (098)

1673

. . 1,1 . _
Integrating this over 7" gives the volume V = ==
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